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ABSTRACT 
 Viruses are obligate intracellular parasites that replicate utilizing the resources of 
host cells.  The replication of positive sense RNA viruses is coupled with alterations to 
host cell membranes.  These viruses are believed to replicate efficiently by using co-
opted membrane structures assembled from viral and host cell proteins and lipids.  
Poliovirus is a prototypical positive-sense RNA virus, however the topological details of 
viral RNA replication are not well understood.   
 In this work we use electron cryotomography, among other methods, to examine 
the ultrastructure of fractionated poliovirus RNA replication factories that were formed 
within infected cells, and to investigate oligomeric interactions within a three 
dimensional crystal formed by a poliovirus polymerase point mutant.  Investigation of the 
ultrastructure of isolated viral RNA replication factories shows that the low resolution 
features of cryopreserved membrane structures are essentially identical to previously 
observed structures within plastic sections of infected cells.  Furthermore, greater detail 
visible using electron cryotomography reveals pore-like structures and other high energy 
membrane conformations within the replication factories.  We see a mix of single, double, 
and multi-membrane structures that are arranged with openings that connect their interior 
  vii 
lumenal space to the exterior environment.  The lumen of some of these membranous 
structures contains a linear polymeric density thought to be RNA.  We conclude that the 
RNA replication of poliovirus may occur on the lumenal surface of vesicular membranes 
with an opening to the cytoplasm for metabolite and product exchange. 
 Within the poliovirus replication machinery, the principal component is the RNA 
polymerase 3Dpol.  This prototypical RNA-dependent RNA-polymerase forms homo-
oligomeric interactions that are key to its functions.  To investigate these interactions, 
previous studies focused on hollow helical structures formed by wild-type polymerase.  
Here, we investigate the structure of small three-dimensional crystals formed by 3Dpol 
with a mutation of a single residue, lysine 314, to alanine.  Using electron 
cryotomography and volume averaging, we demonstrate that the crystal packing within 
this point mutant does not include physiological polymerase-polymerase interactions.  
Elucidation of the topology of poliovirus replication machinery provides a basis for 
future development of antiviral therapeutics. 
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1. Introduction 
1.1 Introduction to Picornaviruses 
Viruses are classified by viral composition and genome replication methods.  The 
picornavirus classification consists of viruses composed of a single-stranded positive 
sense RNA genome enclosed within an all protein, non-enveloped, capsid [reviewed in 
(Semler & Wimmer 2002)].  The RNA genome of picornaviruses is replicated within the 
cytoplasm of host cells without a DNA intermediate. This group of viruses is 
comparatively small in size, at approximately 30 nm in diameter.  Their name comes 
from small, pico, RNA virus (Koch & Koch 1985, p.19).  Prominent pathogens from this 
group include poliovirus, Foot and Mouth Disease virus, Coxsackievirus, and 
rhinoviruses.  Poliovirus is a well characterized prototype system for studying the events 
in picornavirus replication, and arguably one of the best characterized of all animal 
viruses. 
1.2 Disease 
Poliovirus is the causative agent of the paralytic affliction known as poliomyelitis.  
Poliomyelitis takes its name from the ancient Greek terms for grey, polio, and marrow or 
spinal cord, myelos.  This name is a description of the severe neural death seen in 
autopsies of mortally affected patients.  The virus is predominantly transmitted through 
the fecal/oral route, and in most cases of infection it replicates in the gastrointestinal 
mucosa.  The majority of poliovirus infections are restricted to the gastrointestinal tract, 
resulting in an abortive infection with mild symptoms.  In approximately 4-8% of 
infections, poliovirus enters the bloodstream and establishes viremia [reviewed in (De 
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Jesus 2007)].  This allows infection to spread to other tissues, generally resulting in flu-
like symptoms.  In an estimated 0.5% of infections, poliovirus infection spreads to the 
central nervous system (WHO, 2014).  The virus is able to efficiently replicate in the 
central nervous system, causing damage to nerve cells in the process.  The severity of 
neurological damage determines the severity of poliomyelitis symptoms.  Symptoms of 
poliomyelitis can range from reversible limb paralysis to the fatal paralysis of muscles 
involved in breathing or swallowing (Koch & Koch 1985). 
The devastating effects of poliomyelitis prompted its early identification as a 
significant public health threat.  Records of poliovirus infection may begin as early as the 
15th century B.C., from an Egyptian stone tablet depicting a man with a withered leg, a 
symptom consistent with poliomyelitis (Koch & Koch 1985, p.5).  The etiological agent 
was the second identified animal virus.  Discovered in 1908, it was demonstrated that a 
bacteriologically-sterile infectious agent from the spinal cord of an infected child caused 
symptoms when transferred to monkeys (Landsteiner & Popper 1909; reviewed in Eggers 
1999).  In the century since its discovery, poliovirus has been the subject of an extensive 
multi-disciplinary research campaign.  Its near-complete eradication has been the subject 
of one of the most successful public health efforts in human history, although complete 
eradication remains elusive.  
1.3 The Virus 
 Poliovirus consists of a protein capsid which encloses a positive-sense single 
stranded 7,440 nucleotide RNA genome.  The capsid is constructed of 60 copies of each 
of four proteins: viral proteins (VPs) 1, 2, 3, and 4.  These proteins are tightly arranged to 
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form an icosahedral protein capsid that is approximately 30 nm in diameter.  The genome 
is enclosed within the capsid, along with an additional small protein VPg, also known as 
3B, covalently linked to the 5’ end (Lee et al. 1977; Semler & Wimmer 2002). 
1.4 Genome Structure 
 The viral genome of poliovirus is single stranded positive-sense RNA which can 
serve as messenger RNA.  The organization of the genome is depicted at the top of 
Figure 1.  It is organized into three domains: a 5’ non-translated region (NTR), the coding 
region, and a 3’ NTR.  The genome contains multiple cis-acting replicative elements 
(CRE) that are conserved among picornaviruses.  Most of the CREs are located within 
the NTRs.  The 5’-NTR contains two important replicative elements: the cloverleaf (CL) 
and the Internal Ribosomal Entry Site (IRES).  The cloverleaf is important in the 
initiation of RNA replication, while the IRES allows for recognition of the genome by 
host cell ribosomes.  The 3’-NTR plays an important role in RNA replication, and is 
flanked with a polyadenylated tail on the 3’ terminus [reviewed in (Steil & Barton 
2009)].  The CRE within the coding region of the genome is called CRE (2C), as it is 
within the region coding for protein 2C.  It serves in the initiation of RNA replication 
[reviewed in (Cameron et al. 2010)]. 
The coding region of the genome consists of a single open reading frame.  The 
product is a 247 kDa polyprotein that is arranged into three domains.  The first domain 
(P1) is called the structural region because it consists of the four proteins (VP1-4) which 
form the viral capsid of progeny virions.  The second and third domains (P2 and P3) are 
composed of proteins termed the nonstructural proteins.  Seven proteins are encoded 
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within the nonstructural region: 2A, 2B, and 2C are within the P2 region, and 3A, 3B, 3C, 
and 3D within the P3 region.  These nonstructural proteins are involved with replication 
of the viral genome and tasks associated with accomplishing replication [reviewed in 
(Semler & Wimmer 2002)]. 
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Figure 1.1:  Arrangement of the Poliovirus Genome and Proteolytic Processing of 
the Polyprotein Gene Product.  The single stranded RNA genome is arranged into a 
central open reading frame flanked by 5’ and 3’ non-translated regions (NTR).  The 5’ 
terminus of the genome is linked to the protein primer VPg (3B). The internal ribosome 
entry site (IRES) allows ribosomes to bind directly to the genome, and translate a single 
polyprotein.  The polyprotein is cotranslationally autocleaved by proteases 2A and 
3C/3CD.  The lifespan of the polyprotein products before proteolysis is indicated, where 
data are available.  Some polyproteins are stable intermediates, with cleavage sites that 
remain uncut for extended times (*), while others are short lived (***).  An alternative 
cleavage pathway of 3CD is depicted in the lower right.  The majority of 3CD processing 
is done by 3C, resulting in 3Cpro and 3Dpol.  In the alternative cleavage pathway, 3CD is 
cleaved by 2Apro at a site within the 3D sequence, resulting in proteins known as 3C’ 
and 3D’ (Toyoda et al. 1986).  Figure modified from (Ehrenfeld et al. 2010), page 36. 
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Proteolytic processing of the polyprotein occurs using a mechanism that allows 
for dynamic control of protein function during infection.  The viral proteases are proteins 
2A, 3C, and 3CD.  These proteases process the polyprotein cotranslationally from within 
the polyprotein, as well as cleaving in trans.  Cleavage by 2A separates the P1 and P2 
regions, while 3C/3CD is responsible for the majority of other proteolytic processing (see 
Figure 1.1) [reviewed in (Ehrenfeld et al. 2010)].  Proteolytic processing does not always 
proceed immediately to the smallest subunits.  Polyprotein precursors 2BC, 3AB, and 
3CD play separate critical roles during infection, in addition to the roles of their fully 
cleaved products.  Modulation of protein functionality based on protein cleavage states 
adds a mechanism of poly-functionality to proteins that is regulated by proteolysis (see 
Table 1) [reviewed in (Ehrenfeld et al. 2010, p.45). 
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1.5 Poliovirus Replication Cycle 
 
Figure 1.2:  The Poliovirus Replication Cycle.  A replication cycle of poliovirus begins 
when it binds the receptor CD155 (1), and the virus is internalized through endocytosis. 
(2) The genome is released from the endocytic vesicle, and VPg is released from the 
positive sense viral genome.  (3) The viral genome is translated, creating a self-
processing polyprotein organized into three regions.  (4) All viral proteins are associated 
with the formation of vesicles involved in RNA replication.  RNA replication occurs in a 
two step process.  (5) First, the positive sense genome is transcribed by the virally 
encoded RNA-dependent RNA polymerase (RdRp) into a negative sense template RNA.  
The product is called the Replicative Form (RF) RNA.  (6) Second, the negative sense 
RNA can be copied simultaneously into multiple positive sense RNAs, a form called the 
Replicative Intermediate (RI).  The positive sense RNAs produced can be utilized for 
translation (7), or can be packaged into progeny virions (8).  Both RNA replication and 
  
8 
virion assembly are membrane associated processes.  (9)  Progeny virions are released 
from the host cell through lytic and non-lytic methods.  Figure modified from (De Jesus 
2007). 
An overview of the poliovirus replication cycle is shown in Figure 1.2.  Poliovirus 
recognizes the host cell through interactions with receptor CD155 (Mendelsohn et al. 
1989).  Upon recognition, the virus enters the cell through receptor-mediated endocytosis, 
and the genome is released close to the plasma membrane (Brandenburg et al. 2007).  
VPg, the protein linked to the 5’ end of the genome, is cleaved by a host cell enzyme, 
allowing the genome to be translated by host cell ribosomes. Translation of the viral 
genome yields a single 247 kDa polyprotein that is co-translationally autocleaved into 
three domains by viral proteases contained within the polyprotein.   
1.6 Poliovirus RNA Replication 
Poliovirus RNA replication is preceded by a period of translation of the viral 
genome.  Translation of the genome is predominant in early infection (0.5-2 HPI), after 
which a shift to transcription is signaled by the buildup of viral proteins.  Steric 
restrictions prevent simultaneous translation and transcription of the same copy of the 
genome, as ribosomes and polymerase would collide, causing a need for a regulatory 
switch (Gamarnik & Andino 1998; Barton et al. 1999).  Viral protease 3CD plays a key 
role in the switch from translation to transcription by binding the RNA structural element 
CRE (2C) and cleaving poly(rC)-binding protein (PCBP), a host cell protein bound to 
viral RNA that promotes translation of the viral genome (Gamarnik & Andino 1998; 
Perera et al. 2007).  This provides a mechanism for individual strands of RNA to either 
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promote transcription or translation, allowing for both processes to occur in a cell 
simultaneously. 
The single-stranded nature of the genome necessitates that genome replication 
occurs in a two-part process.  The positive sense genome must first be copied into a 
complementary negative-sense, or template RNA.  Initiation of negative strand RNA 
synthesis involves circularization of the positive-sense RNA.  Circularization is achieved 
by an interaction between a 5’ nucleoprotein complex, which consists of 3CD and 
partially cleaved PCBP bound to the cloverleaf, and a 3' nucleoprotein complex, which 
consists of poly-A binding protein 1 [PABP1] bound to the 3’ poly-A tail of the genome 
(Herold & Andino 2001).  3Dpol recognizes the circularized template, and uridylylates 
the 5’ terminal VPg twice (Vpg-pU-pU) (Paul et al. 1998).  This reaction produces a 
primed template for 3Dpol.  3Dpol synthesizes complementary negative-sense RNA 
following this template, resulting in a dual stranded RNA that contains the positive and 
negative sense RNA in a duplex, known as the replicative form (RF) RNA.  This is not a 
highly stable product however, and the strands separate.  After separation, the negative-
sense RNA can be used as a template by 3Dpol to create positive-sense viral RNA. 
During peak RNA replication periods the ratio of positive sense to negative sense RNA is 
about 70:1, suggesting the infected cell utilizes the template efficiently (Novak & 
Kirkegaard 1991).  In addition, electron microscope observations indicate as many as 
eight RNA tails being transcribed off of a single template strand (Richards et al. 1984). 
This product, a mixture of single and double stranded forms of viral RNA, is known as 
the Replicative Intermediate (RI). 
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Table 1.1:  Functions of Poliovirus Proteins and Polyproteins.  Adapted from (Semler 
& Wimmer 2002, p.189), except where otherwise noted. 
Protein Functions 
VP1-VP4 Virion particle assembly, viral entry into cells 
2A Host protein synthesis shutoff 
  Viral protein processing 
2B Alteration of membrane permeability 
  Inhibition of cellular exocytosis 
  
Dissociation and rearrangement of endoplasmic reticulum and 
Golgi 
  RNA amplification 
2C Formation of vesicles 
  NTPase 
  Guanidine sensitivity 
  RNA binding 
2BC Formation of vesicles 
  RNA binding (RNA replication) 
3A Inhibition of MHC class I expression 
  Inhibition of intracellular membrane transport 
3B Primer for viral RNA synthesis 
  Covalent linkage at 5' end of positive and negative strands 
3AB Membrane association of replication complexes 
  Stimulation of 3Dpol 
  Stimulation of 3CD autocleavage 
  
Formation of double-membrane vesicles (Wang, Ptacek, et al. 
2013) 
3C Viral protein processing 
  Host protein cleavage resulting in transcription inhibition 
  RNA binding (RNA replication) 
3CD Viral protein processing 
  RNA binding (RNA replication) 
  Stimulation of VPg uridylylation 
  No RNA polymerase activity (Harris et al. 1992) 
3D VPg uridylylation 
  RNA polymerase 
  RNA binding 
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1.7 Alterations to Host Cells during Infection 
Poliovirus infection leads to rapid and dramatic alterations of the host cell.  The 
infection cycle is approximately 7-8 hours in length, although it is dependent on the 
metabolic state of the cell.  The general population will be discussed. Virus infection 
generally culminates in lysis of the host cell, although mechanisms have been reported 
for non-lytic release of progeny virions (Taylor et al. 2009).  Approximately 1-2 hours 
post infection (HPI), host cell translation and transcription are blocked and viral proteins 
begin to accumulate.  Viral proteases 2A and 3C inhibit cap-dependent host cell 
translation, which accounts for 95% of host cell translation, through a mechanism 
utilizing cleavage of the eukaryotic translation factor eIF4GI and the initiation factor 
PABP, which are both critical for cap-dependent translation (Johannes et al. 1999; 
Kuyumcu-Martinez et al. 2004; Kräusslich et al. 1987).  Disruption of host cell 
transcription is accomplished in a similar manner by the viral protease 3Cpro, which 
cleaves multiple transcription factors necessary for the activity of RNA polymerases I, II, 
and III (Kääriäinen & Ranki 1984; Balanian 1975; Clark et al. 1993; Yalamanchili et al. 
1997).  With the host cells’ translational and transcriptional machinery blocked, the 
infected cell serves as a nutrient source for viral replication.  
The period of peak viral RNA replication is concurrent with morphological 
changes to the host cell.  The rate of viral genome replication increases exponentially 
between 2-4 HPI  (Belov et al. 2011; Baltimore et al. 1966), reaching a rate of 2000-3000 
genomes/cell/minute (Darnell et al. 1967).  At this point in the infection cycle there are 
severe morphological changes to the host cell, including the displacement of the nucleus 
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to the cell periphery and the proliferation of membranous bodies in the cytoplasm of the 
infected cell (Kallman et al. 1958; Koch & Koch 1985).  Progeny virions appear in the 
cytoplasm at 3-4 HPI, and begin to accumulate in the cell periphery as large viral crystals 
from 6-8 HPI (Koch & Koch 1985).  Electron micrographs of infected cells show that at 
6-8 HPI vesicles choke the cytoplasm (see Figure 1.3, panel D).   
Figure 1.3:  Alterations of the Cytoplasm of Infected Host Cells.  (A) shows the 
arrangement of the cytoplasm of a mock infected cell.  Membranous bodies including the 
Endoplasmic Reticulum (ER), Mitochondria (M), and Golgi Apparatus (G) are apparent 
in the cytoplasm. (B) shows the severe alterations in the cytoplasm of a cell 5 HPI.  A 
population of small membranous vesicles cluster in the cytoplasm.  Mitochondria are still 
apparent, however the Golgi Apparatus is absent in infected cells, and the ER is often 
involved in membrane clusters.  (C) shows the inset indicated in panel B at higher 
magnification.  Clusters of small double-membrane vesicles are seen surrounded by many 
viral particles (VP).  (D) shows the severe extent of alterations of a cell at 7 HPI.  The 
cytoplasm is nearly filled with small vesicular bodies, and there are two crystals of viral 
particles in the cell periphery.  Images A-C are modified from (Schlegel et al. 1996); 
image D is from (Dales et al. 1965). 
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1.8 Morphology of Virally Induced Vesicles 
Replication of all positive-sense RNA viruses is dependent on the alteration of 
host cell membranes.  The vesicles induced in poliovirus infected cells first appear at 2.5 
HPI near the endoplasmic reticulum, with data indicating that these vesicles have 
changing morphologies during the course of infection (Egger & Bienz 2005; Bienz et al. 
1987).  In the first ultrastructural studies of virus-infected cells, vesicular bodies 
identified in the early stages of infection were described as “U-bodies” because they 
resembled a horseshoe shape (Kallman et al. 1958).  Later in infection, autophagosome-
like double bilayer vesicles become prevalent.  These structures are approximately 50-
400 nm in diameter (Schlegel et al. 1996).  The reason for double bilayer vesicles 
remains unclear.  Originally it was thought to reflect the origin of these vesicles from a 
hijacked autophagy-like pathway, however this theory has fallen out of favor (Richards et 
al. 2014).  The mechanism for development of single and double membrane vesicles 
remains unclear.  A mix of membrane species can be observed in the same infected cell, 
leading to the hypothesis that there is continued development of membranous bodies and 
their arrangements in the cell, with unique functions for each (Belov et al. 2011). 
Virally-induced vesicles are proposed to play a scaffolding role in providing 
surfaces to localize poliovirus proteins for RNA replication.  Isolation of the RNA 
replicative fraction by density gradient centrifugation of infected cell lysates revealed that 
the fraction most active in poliovirus RNA replication consisted of smooth membrane 
vesicles (Caliguiri & Tamm 1970b).  These isolated vesicles are associated with all 
poliovirus structural and non-structural proteins (Takeda et al. 1986).  Investigation of 
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their origin revealed that as infection progresses, cellular organelle markers indicate that 
the cis-Golgi network, lysosomes and the endoplasmic reticulum are involved (Schlegel 
et al. 1996; Tershak 1984; Egger & Bienz 2005).   
The lipid microenvironment of virally induced vesicles is unique compared to 
host cell organelles.  In addition to scavenging and repurposing membranes from host 
organelles, phospholipid synthesis is upregulated in infected cells and poliovirus 
replication is dependent on de novo phospholipid synthesis (Guinea & Carrasco 1990; 
Mosser et al. 1972).  Viral protein 3A recruits phosphatidylinositol-4-kinase IIIβ 
(PI4KIIIβ) to these vesicles, an enzyme which produces phosphatidylinositol-4-
phosphate (PI4P), and  PI4KIIIβ activity is required for poliovirus RNA replication (Hsu 
et al. 2010).  3Dpol has a high affinity for PI4P, and patches of PI4P are believed to 
localize 3Dpol to the surface of these vesicles (Hsu et al. 2010).  Cholesterol is another 
component enriched on these vesicles, and it is critical for RNA replication (Ilnytska et 
al. 2013).  Cholesterol is believed to regulate the membrane fluidity of these vesicles.  
The importance of membrane fluidity is illustrated by experiments in which addition of 
oleic acid, which increases membrane fluidity, inhibits viral RNA replication in both cells 
and cell-free systems (Molla et al. 1993; Guinea & Carrasco 1991). The lipid 
microenvironment of virally induced vesicles is believed to be critical for the 
arrangement of replication proteins.   
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1.9 Development of Membrane Components of the Poliovirus Replication 
Factory 
The RNA-replication factory associated with the viral-induced vesicles consists of 
multifunctional viral proteins with scaffolding and enzymatic roles.  All viral proteins are 
associated with these vesicles, but proteins 2C, 2BC, 3A and 3AB are tightly associated 
(Bienz et al. 1992; Tershak 1984).  These proteins are intrinsic membrane proteins and 
have been shown to cause the formation of vesicles or altered membrane structures when 
individually introduced to or expressed in cells (see Figure 1.4) (Aldabe & Carrasco 
1995; Suhy et al. 2000; Wang, Ptacek, et al. 2013; Egger et al. 2000; Teterina et al. 
2001).  Experiments attempting to decouple RNA replication and vesicle formation 
revealed that altered membrane structures formed by the individual proteins were not 
utilized in replication complexes when the transfected cells were superinfected with 
poliovirus (Egger et al. 2000).  This suggests that the membranous component of the 
replication factories must assemble and develop concurrently with the viral RNA 
replication process.  The interplay between these processes is unclear, especially the 
structural role, if any, of RNA within the vesicle clusters. 
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Figure 1.4:  Expression of Individual Poliovirus Membrane Proteins Leads to 
Alterations in Host Cell Membranes.  (A) and (B) show Mock and Infected cells, 
respectively, at 4 HPI for reference.  (C) Transfection of 2BC leads to the accumulation 
of circular vesicles in the cytoplasm.   (D) 2C expression leads to the alterations of the 
endoplasmic reticulum into curled sheets. (E)  These altered structures immunolabel for 
2C in IEM. Scalebar represents 100 nm. (F)  These sheets appear tubular when sectioned 
longitudinally and fiddlehead-like when cross-sectioned.  (G) 3A expression leads to long 
tubular vesicles.  Images A,B,C, and G are modified from (Suhy et al. 2000), and images 
D,E,F are modified from (Cho et al. 1994). 
1.10 Morphology and Properties of Isolated Replication Complexes 
 The RNA-replication factory has been isolated from the lysates of infected cells 
by subcellular fractionation.  The fractions of infected cell lysates sedimenting at 25% 
and 30% sucrose have twice the phospholipid content when compared to mock infected 
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(control) lysate fractions, and the majority of RNA replication activity in the presence of 
eukaryotic polymerase inhibitors (Caliguiri & Tamm 1970a; Caliguiri & Tamm 1969).  
This fraction is composed of smooth membrane vesicles (Caliguiri & Tamm 1970b), 
which are arranged in rose-like structures termed ‘Rosettes’ (Bienz et al. 1990).  In the 
rose analogy, the vesicles are the petals which surround a structure termed the ‘compact 
membrane’.  The compact membrane contains the replicating RNA (Egger et al. 1996).  
The Rosette morphology is shown in Figure 1.5.  These Rosette-like structures dissociate 
under low salt and temperature conditions into individual vesicles and have thin tubular 
structures that appear similar in composition to the granular center of the Rosette (Figure 
1.5B).  The dissociated vesicles reassociate into Rosettes upon reintroduction to 
physiological salt and temperature conditions.  Re-associated Rosettes organize with the 
tubules arranged internally and the larger vesicular component facing the exterior (Egger 
et al. 1996). 
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Figure 1.5:  Morphology of Isolated Replication Complexes.  Larger vesicles (V) 
surrounding a compact vesicle structure (marked RC, for Replication Complex).  (A) 
shows the characteristic arrangement of the structure.  The individual vesicles are 
arranged so that smooth membranes of larger vesicles are facing outward, and these 
vesicles surround a smaller granular structure in the middle.  (B)  Rosettes disassociate 
under low temperature and salt conditions.  Disassociated vesicles have a smooth 
membrane structure resembling the outer vesicles of the Rosette, and a thin tubular 
structure that appears similar in composition to the granular center of the Rosette.  
Arrowheads indicate granular pieces.  (C) A Rosette reformed post-restoration of 
physiological temperature and salt conditions after the sample was treated with 
disassociation conditions.  Vesicles were labeled with anti-2B antibodies under 
disassociation conditions.  Immunolabeling of 2B is shown by 5 nm gold particles, 
visible predominantly near the internal tubules within the reassociated complex.  Images 
are modified from (Egger et al. 1996). 
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1.11 2C 
 Poliovirus protein 2C is a 329 amino-acid membrane-associated protein.  Three 
structural domains are predicted: an N-terminal amphipathic helix, an AAA+ ATPase 
domain, and a C-terminal RNA-binding domain.  Biochemical evidence suggests that the 
protein is anchored onto membrane surfaces at both the N and C-terminal regions 
(Teterina et al. 1997).  Purified 2C specifically interacts with the 3’ end of poliovirus 
negative strand RNA in vitro (Banerjee et al. 1997).  Crosslinking studies show that 2C 
and its precursor protein 2BC are in close contact with viral RNA in the infected cell 
(Bienz et al. 1990).   These observations have lead to the hypothesis that 2C (and/or 2BC) 
is the membrane anchor for viral template negative-sense RNA.  
1.12 3Dpol 
 Poliovirus polymerase, also known as 3D or 3Dpol, is the RNA-dependent RNA-
polymerase (RdRp) that plays the central role in genome replication.  It is a prototypical 
RdRp, and has been extensively studied structurally and biochemically (e.g. Hansen et al. 
1997; Sholders & Peersen 2014; Thompson & Peersen 2004; Gohara et al. 2000).  The 
enzyme is a soluble protein with a mass of 52 kDa.  In addition to its role as an RNA 
polymerase, 3Dpol has helicase activity (Cho et al. 1993), terminal adenylyl transferase 
activity (Neufeld et al. 1994), and VPg uridylylation activity (Toyoda et al. 1987; Paul et 
al. 1998).  While not fully elucidated, these functions may serve as follows.  Helicase 
activity is proposed to allow 3Dpol to displace upstream duplexed RNA while copying 
the template on the RI.  The poly(A) tail of the genome is critical for RNA replication 
(Sarnow 1989), and the terminal adenylyl transferase activity may maintain the integrity 
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of the 3’ poly(A) tail.  VPg uridylylation serves as a self priming mechanism by 3Dpol 
for RNA synthesis.  The process adds a 5’ poly-U element to the small protein VPg, 
which can then prime RNA transcription of poly(A) RNA by 3Dpol (Paul et al. 1998).  
These roles are not shared by all polymerases (Cho et al. 1993), and the diversity of these 
functions indicates that 3Dpol is a highly dexterous polymerase. 
Structural studies of 3Dpol show that its morphology, depicted in Figure 6, 
resembles a cupped right hand with fingers, thumb, and palm regions; common to most 
other single subunit DNA and RNA polymerases (Hansen et al. 1997).   Like other 
RdRps, the fingers region contacts the top of the thumb region forming a loop that tethers 
a region of the relatively flexible, disordered fingers (Kortus et al. 2012).  The fingers 
domain is involved in binding template RNA (Gong & Peersen 2010).  The active site of 
the enzyme sits on the surface of the palm region, opposite the loop created by the 
fingers/thumb interface.  RNA is positioned near the active site, stabilized by interactions 
with the canyon formed by the thumb and fingers subdomains (Kortus et al. 2012). 
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Figure 1.6:  Structure of 3Dpol and Oligomeric Interactions.  The structure of the 
polymerase depicted in (A), is aligned so that it resembles a cupped right hand with the 
palm facing the viewer.  The thumb (blue) interacts with the index finger (green) to form 
a loop that is opposite the active site (purple).  The arrangement of the fingers in relation 
to amino acid order is shown below. (B) 3Dpol interacting with an RNA duplex with 
coloring scheme, but not position, maintained from (A).  The green RNA strand is the 
product strand, and the blue strand is the template.  Template RNA interacts with 3Dpol 
in the canyon created by the thumb and fingers.  (C) Crystal structure of WT 3Dpol, 
without the mutations that abrogate Interface I, L446D and R455A.  Much of the density 
corresponding to the fingers region (left side) was unresolved in this structure.  (D) 
Oligomeric interactions from the WT crystal structure shown in (C) are depicted.  Two 
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different polymerase-polymerase interactions are labeled Interface I and II, respectively.  
(A) is adapted from (Thompson & Peersen 2004), (B) from (Kortus et al. 2012), and (C) 
and (D) are adapted from (Hansen et al. 1997). 
One of the key features in the structure of 3Dpol is oligomeric interactions 
between polymerases.  The first intermolecular interaction, termed Interface I, includes 
1480 Å2 of buried surface area contributed by the thumb region of one polymerase 
interacting with the rear of the palm region from the adjacent polymerase (see Figure 
6D).  This interface is maintained by specific interactions from the side chains of 23 
amino acids including hydrophobic, ionic, and hydrogen bonding interactions, as well as 
buried salt bridges (Hansen et al. 1997).  This arrangement causes the polymerases to 
align along a 21 screw axis fiber with 44Å translation between adjacent polymerases.  A 
second interface, Interface II, consists of interactions between the thumb subdomain and 
the back of the fingers region in an adjacent polymerase (see Figure 6D).  The residues 
involved in this contact are unresolved in the structure of 3Dpol with intact Interface I 
(pdb code 1RDR) (Hansen et al. 1997).  Subsequent structures of 3Dpol have been solved 
using mutations L446D/R445D, which intentionally abrogates a key buried salt bridge in 
Interface I, resulting in the ability to determine the structure of the entire 3Dpol molecule 
(Thompson & Peersen 2004).  Due to the loss of Interface I in this structure, the details of 
other interfaces are not thought to be physiologically relevant, and therefore the details of 
Interface II remain poorly understood. 
Oligomeric interactions play a role in enzymatic activity of poliovirus 
polymerase.  Polymerase activity in vitro is enhanced at higher concentrations. The 
increase in activity with increased polymerase concentration is seen even with addition of 
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catalytically inactive mutants, indicating a scaffolding role for oligomerization in 
catalysis (Spagnolo et al. 2010).  Mutations that disrupt Interface I cause decreased 
enzymatic activity in vitro and do not give rise to viable virus in cell culture, indicating 
that these interactions play critical roles in the function of the enzyme (Hobson et al. 
2001; Franco et al. 2005).  Supporting biochemical evidence for 3Dpol-3Dpol 
interactions include crosslinking (Pata et al. 1995) and the yeast two-hybrid assay (Hope 
et al. 1997). 
 
Figure 1.7:  Oligomers of Purified Polymerase.  Polymerase from (A) poliovirus and 
(B) Foot and Mouth Disease Virus form hollow helical tubes under RNA synthesis 
conditions.  Poliovirus 3Dpol is shown in a helical form indicated by a white arrow, and a 
helical ribbon form is indicated by the black arrow.  Scale bars are 50 nm.  Sources: (A) 
this dissertation, (B) is modified from (Bentham et al. 2012).   
Polymerase oligomers have been extensively studied by electron microscopy for 
poliovirus and the closely-related Foot and Mouth Disease Virus (FMDV) (Lyle et al. 
2002; Tellez et al. 2011; Wang, Lyle, et al. 2013; Bentham et al. 2012).  As shown in 
Figure 1.7, FMDV polymerase and poliovirus 3Dpol oligomers appear in electron 
microscopy as hollow helical tubes, with an average diameter of 25 nm and 50 nm, 
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respectively (Bentham et al. 2012; Lyle et al. 2002).  The structure of the helical tubes 
formed by poliovirus has been solved (Wang, Lyle, et al. 2013).  The structure, shown in 
Figure 1.8, revealed that Interface I contacts were maintained between polymerases in the 
helix, and it revealed Interface II contacts at 16Å resolution. 
 
Figure 1.8:  Structure of Helix formed by WT 3Dpol.  (A) A surface map of the helix 
and a cross-section.  (B) A density map which illustrates the strong and weak bands of 
density within the helix. (C) The polymerase structure (1RDR) connected by Interface I 
dimers within the density map.  The connections between Interface I dimers, shown in 
dark blue and light blue, were modified to accommodate the helical symmetry.  (D) 
Interaction between two Interface I dimers on the Interface II surface.  Image modified 
from (Wang, Lyle, et al. 2013). 
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1.13 3Dpol Mutant K314A 
Attempts to dissect Interface II interactions utilized molecular dynamics to 
identify residues involved (Tellez et al. 2011).  Lysine 314 was one of the residues 
identified.  When the mutation K314A was introduced, it was discovered that it 
crystallized into helices in low salt conditions (30 mM sodium chloride) (Tellez et al. 
2011) as well as three-dimensional crystals under higher salt conditions (this 
dissertation).  This mutation has no effect on activity (Kortus et al. 2012), and is not 
believed to be involved in Interfaces I or II. 
1.14 3CD 
 Poliovirus polyprotein 3CD is both a precursor to 3Dpol and 3C protease, as well 
as an enzyme with function separate from its cleavage products.  The structure of the 3C 
and 3D domains of 3CD are nearly identical to their individual structures (Marcotte et al. 
2007), yet 3CD has protease activity (Nicklin et al. 1988) but not polymerase activity 
(Harris et al. 1992).   The 3C and 3D domains are connected by a disordered linker with 
little interaction between the two domains.  It is believed that the altered functions of 
3CD in comparison to its independent subunits are not caused by inter-domain 
interactions, but rather result from altered localization of the linked subunits (Semler & 
Wimmer 2002, p.192).   
Two categories of functions for 3CD have been elucidated: as a critical protease 
in viral capsid maturation, and as an RNA-binding protein (discussed in Poliovirus 
Genome Replication). 3C and 3CD are responsible for all proteolytic cleavages within 
the viral polyprotein with the exception of separation of P1 and P2, which is done by 2A 
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(Figure 1).  However, 3CD is 100-fold more efficient than 3C at processing the P1 
structural region (Parsley et al. 1999; Nicklin et al. 1988).  The P1 structural region 
encodes the four capsid proteins.  Capsid assembly and maturation is a vesicle-associated 
process [reviewed in (Koch & Koch 1985, p.421)], and the interactions between the 3D 
domain and the vesicle surface may localize the 3C domain to the vesicle surface, 
whereas it otherwise would be soluble.  Viral maturation is dependent on Interface I of 
the 3D domain of 3CD, providing evidence that 3CD activity depends on oligomerization 
in at least some of its functions (Franco et al. 2005). 
1.15 Goal of the Thesis 
Our goal is to elucidate the mechanisms involved in poliovirus RNA replication 
by two approaches.  The first series of experiments attempt an ex vivo approach.  Here, 
we investigated the ultrastructural morphology of replication factories isolated from 
poliovirus-infected cells.  The second set of experiments take an in vitro approach 
through structural investigations of 3Dpol oligomers assembled from expressed and 
purified protein.  This in vitro approach attempts to structurally dissect the role of 
oligomeric 3Dpol interactions, which have been demonstrated to be critical for 
polymerase function within infected cells (Hobson et al. 2001; Franco et al. 2005).   
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2. Materials & Methods 
2.1 Expression and Purification of 3Dpol Mutant K314A 
 Poliovirus polymerase was purified using methods described elsewhere (Hansen 
et al. 1997), with minor modifications.  Plasmid pT5T-3D of full length 3Dpol was 
provided by Dr. Karla Kirkegaard (Beckman & Kirkegaard 1998).  The 3Dpol mutation 
K314A was introduced to this plasmid by the Kirkegaard lab (Tellez et al. 2011).  The 
plasmid was transformed into BL21(DE3)-pLysS bacterial cells and plated overnight on 
agar plates containing 100 μg/ml ampicillin and 17 μg/ml chloramphenicol.  Fifteen 
colonies were picked from the plate and were inoculated into 5 ml of 2 x YT media (1.6% 
tryptone, 0.1% yeast extract, 0.4% NaCl) containing 100 μg/ml ampicillin and 17 μg/ml 
chloramphenicol, and grown overnight at 37° C with shaking at 250 rpm.  Bacterial 
growth in the 5 ml culture saturated overnight, and 1 ml of the saturated culture was 
transferred into 100 ml of 2 x YT containing 100 μg/ml ampicillin and 17 μg/ml 
chloramphenicol. This 100 ml “starter culture” was grown at 37° C to a cell density of 
1.0, as measured at OD600, and then used to inoculate six flasks of 750 ml of 2x YT 
media containing 100 μg/ml ampicillin and 17 μg/ml chloramphenicol.  These flasks 
were grown to an OD600 of 0.2 at 37° C, at which point the incubator was allowed to cool 
to 25° C.  The cultures were induced with 1 mM IPTG once the OD600 reached 1.0 and 
then grown for 16-18 hours at room temperature.  Cells were harvested by centrifugation 
at 4,000 x g for 15 minutes, and the resulting pellets were resuspended in 150 ml 
breaking buffer (100 mM KH
2
PO4 pH 7.5, 0.1 mM EDTA, 2 mM DTT, 0.02% NaN3).  
The suspended bacteria were cooled to 0° C and lysed by sonication.  The sonicator was 
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operated on a 30 second on/ 30 second off cycle for 15 cycles, during which the vessel 
was surrounded by ice, ensuring that cell lysates stayed cool between cycles.  After lysis, 
all steps were carried out at 4° C in the presence of 2 mM DTT.  Cell lysates were 
centrifuged at 20,000 x g for 30 minutes to remove membranes.  Ammonium sulfate 
powder was slowly added to the supernatant over the course of an hour to a final 
concentration of 40%.  The 40% ammonium sulfate solution was then allowed to 
equilibrate for 30 minutes after the last addition of ammonium sulfate.  The protein 
precipitate was collected by centrifugation at 20,000 x g for 30 minutes, and resuspended 
in 20 ml dialysis buffer (25 mM Tris pH 7.5, 50 mM NaCl, 0.1 mM EDTA, 0.02% NaN3, 
2 mM DTT, 1 mM PMSF, 1 mM Benzamidine) and dialyzed in Spectra–pore membrane 
(10 kDa molecular weight cutoff) overnight against two liters of dialysis buffer.  The 
dialysate was centrifuged at 35,000 x g for 30 minutes to remove precipitate.  The 
supernatant was diluted 1:1 with buffer SA (50 mM Tris pH 8.5, 0.2 mM EDTA, 15% 
glycerol, 0.5% β-Octyl glucoside, 2 mM DTT, and 0.02% NaN3) and loaded onto a cation 
column composed of 4 ml S-Sepharose equilibrated in buffer SA with 20 mM NaCl.  The 
column was washed with 50 ml of buffer SA containing 50 mM NaCl, and then washed 
with SA containing a NaCl gradient of 100-500 mM.  3Dpol eluted in the buffer SA in 
the range of 250-300 mM NaCl .  The fractions containing significant 3Dpol were 
identified using SDS-PAGE, pooled, and diluted to a final concentration of 50 mM NaCl 
in buffer QA (25 mM Tris pH 8.0, 15% glycerol, 0.5% β-Octyl glucoside, 2 mM DTT, 
and 0.02% NaN3).  These diluted fractions containing 3Dpol were loaded onto an anion 
column composed of 4 ml Q-Sepharose (Bio-Rad) that had been equilibrated in QA 
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containing 50 mM NaCl.  The column was washed with 50 ml of QA containing 100 mM 
NaCl, and then a gradient of QA buffer containing 100-500 mM NaCl.  3Dpol generally 
eluted between 250-300 mM NaCl.  Presence and purity of 3Dpol was evaluated using 
SDS-PAGE.  Fractions were mixed with equal volumes of 100% autoclaved glycerol, to 
a final concentration of 65% glycerol, and frozen at -80° C.  The concentration of 
poliovirus polymerase was determined by UV spectroscopy at OD280 using an extinction 
coefficient of 77,390 M-1 cm-1. 
2.2 3Dpol Oligomerization Assay 
 Frozen aliquots of 3Dpol were thawed on ice for 30 minutes.  A 10 μl aliquot of 
3Dpol was diluted to a concentration of 20 μM in TE buffer (10 mM Tris pH 7.5, 1 mM 
EDTA), mixed well via repeated pipetting, and kept on ice for 10 minutes.  Twelve μl of 
this diluted solution was added to pre-cooled tubes containing 48 μl of TE buffer, 
resulting in a 3Dpol concentration of 4 uM.  These tubes were heated to 30°C in a water 
bath for 30 minutes, and then brought to O°C for 30 minutes.  Crystal samples were 
stored at 4°C for up to four days. 
2.3 Maintenance of Mammalian Cells 
Two cell types of cells were used in different studies.  HeLa cells are a human 
cervix derived cell line with a long history of work with poliovirus.  HeLa cells were a 
kind gift from the laboratory of Vassilis Zannis (Boston University School of Medicine).  
HuH-7 cells are a human hepatocyte derived cell line, and a specific HuH-7 line that 
constitutively expresses the protein LC3-GFP (Kiyono et al. 2009) was utilized in some 
studies.  The HuH LC3-GFP cells were a generous gift from Karla Kirkegaard (Stanford 
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University).  Both cell lines were maintained in Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10% heat-inactivated Fetal Bovine Serum and 100 units/ml 
Penicillin and 100 µg/ml Streptomycin.  DMEM containing these supplements will be 
referred to as DMEM+ (growth media).  
When preparing cells for infection, it was critical to split the cells a day before 
viral infection so that the cells were 50-80% confluent forming a uniform monolayer.  
2.4 Poliovirus Stocks 
 Mahoney type poliovirus was provided by Dr. Karla Kirkegaard (Stanford 
University).  Viral stocks were generated from HeLa cell monolayers infected with the 
virus for 10 hours at 30ºC.  The infected cells were scraped, pelleted, and then underwent 
three freeze-thaw cycles.  Viral stocks were stored at -20ºC. 
2.5 Viral Infection 
HeLa cells or HUH7 LC3-GFP were grown to 50-80% confluency in DMEM+.  
Cells were washed once in PBS+ [PBS containing an additional 0.01 mg/ml MgCl2 and 
0.01 mg/ml CaCl2], and infected with virus suspended in PBS+ or an equivalent volume 
of PBS+ (mock) for 30 minutes at 37°C.  Cells were infected at a multiplicity of 10-30 
plaque forming units (pfu) per cell.  After the 30 minute incubation period, unbound virus 
was removed by rinsing in PBS+, and the cells were incubated in DMEM+ at 37°C for 
the appropriate time.  The time point referred to as 0 HPI began at the termination of the 
30 minute incubation/virus absorption time, a convention common throughout the 
literature.  Cells were processed as appropriate for subsequent analyses. 
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2.6 Preparation of Cell Lysates for Western Blotting  
Approximately 1.0 x 106 HeLa cells plated on a 35 mm dish were infected or 
mock infected, as per viral infection protocol.  Cells were infected at a multiplicity of 10 
plaque forming units (pfu) per cell diluted to a volume of 0.1 ml with PBS+, or mock 
infected with an equivalent amount of PBS+.  Cells were scraped with a cell scraper into 
the media at appropriate times post infection, and centrifuged at 150 x g for 5 minutes.  
The supernatant was removed and the pellet was resuspended in RIPA buffer (50 mM 
Tris-HCL pH 7.4, 75 mM NaCl, 1 mM EDTA, 1% NP-40, 0.25% sodium deoxycholate, 
0.1% sodium dodecyl-sulfate) with Protease Inhibitor Cocktail diluted 1:200 (Sigma 
catalog  #P1860, containing Aprotinin, Bestatin, E-64, Leupeptin, and Pepstatin A).  The 
resuspended cells were incubated for 30 minutes on a shaker at 4ºC, and then centrifuged 
at 16,000 x g for 20 minutes. The supernatant was transferred into an equivalent volume 
of 2x SDS-PAGE loading buffer (100 mM Tris pH 6.8, 20% glycerol, 4% SDS, 0.2% 
bromophenol blue, 200 mM DTT) and then was boiled for 10 minutes at 100°C, and 
stored at -20°C.  Thawed samples were boiled for 5 minutes at 100°C prior to 
electrophoresis. 
2.7 SDS-PAGE and Western Blotting 
Cell lysates derived from approximately 6.6 x 103 cells were run on a 15% SDS-PAGE at  
120V.  To perform Western Blotting, the resolved proteins were subsequently transferred 
to a nitrocellulose membrane at 100V for 90 minutes in a submerged chamber.  The 
membrane was blocked with TBST (50 mM Tris pH 7.4, 150 mM NaCl, 0.05% Tween-
20) containing 5% powdered milk for 2 hours at room temperature to reduce non-specific 
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antibody binding. After blocking was completed, the membrane was incubated overnight 
at 4°C with anti-3Dpol anti-serum (prepared by Cocalico Biologicals from  purified 
3Dpol) diluted 1:2,500 in TBST containing 5% milk.  Excess primary antibody was 
removed by three rinses in TBST, five minutes each, and the membrane was incubated 
with a secondary antibody solution consisting of TBST with 2.5% milk and HRP-
conjugated goat anti-rabbit antibody (Invitrogen) for 45 minutes at room temperature.  
The membrane was then washed four times with TBST and signal was visualized by 
development with Western Lightning ECL-Plus reagents (Perkin-Elmer). 
2.8 Immunofluorescence of Poliovirus Infected Cells 
HeLa or HuH7 LC3-GFP cells were grown to 60-80% confluency on glass-coated tissue 
culture treated dishes (Mattek).  Infection or mock infection was carried out as detailed in 
the Viral Infection section.  At the appropriate time post infection, adherent cells were 
rinsed once in PBS+, and then fixed with PBS+ containing 4% paraformaldehyde for 15 
minutes at room temperature.  Excess formaldehyde was removed by washing three times 
with PBS+, and the cells were blocked and permeabilized in Immunofluorescence (IF) 
blocking buffer (PBS+ containing 1% BSA, 0.05% Saponin, 0.05% Sodium azide) 
overnight at 4ºC on a shaker.  Primary antibody labeling was carried out for 1.5 hours at 
room temperature with anti-3Dpol serum diluted 1:50 in IF blocking buffer.  Plates were 
then washed three times with PBS+, and then incubated for 30 minutes at RT with 
Rhodamine Red labeled goat anti-rabbit antibody (Invitrogen catalog #R6394) diluted 
1:200 in PBS containing 0.05% Tween-20.  Excess secondary antibody was removed by 
washing three times with PBS.  Cells were labeled with DAPI (Invitrogen) at a 
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concentration of 1 µg/ml in PBS for 10 minutes at room temperature, while wrapped in 
foil to reduce light exposure.  After DAPI labeling, cells were washed three times in PBS, 
and stored at 4ºC until imaging. 
2.9 Preparation of Lysates for Gradient Centrifugation 
HeLa cells were infected or mock infected as per Viral Infection protocol.  Ten-
fold more cells were used in this procedure, compared to other procedures, to generate an 
optimal concentration of cell material once the cells were fractionated on a 6.2 ml 
gradient.  Approximately 6.2 x 107 cells were used per condition (mock or infected), and 
infected at 20 pfu/cell diluted in PBS+ or mock infected with an equivalent volume of 
PBS+.  At the appropriate time post infection, cells were scraped into the media, and 
pelleted at 500 x g for 8 minutes and then cooled to 0ºC.  All subsequent steps were 
carried out on ice, and all buffers and tubes were pre-cooled.  The pellet was washed with 
PBS+ once, resuspended in 1.5 ml of ESB buffer (10 mM Bicine pH 8.0, 150 mM NaCl, 
1 mM MgCl2) containing protease inhibitor cocktail at a dilution of 1:200 (Sigma P1860), 
and incubated on ice for 5 minutes.  Cells were broken mechanically by Dounce 
homogenization, 15 strokes in glass vessels.  The amount of Dounce homogenization 
strokes was optimized by finding the point at which >90% of cells were broken, without 
going past that point.  Lysates were centrifuged at 150 x g for 5 minutes to remove nuclei 
and unbroken cells, and the supernatant was layered onto the top of a discontinuous 
sucrose gradient composed of 45 and 30% sucrose in ESB buffer.  The lysates were spun 
on these gradients for 16-18 hours at 250,000 x g in an SW41 rotor.  Fractions were 
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collected manually from the top of each gradient, and proteins were detected by Western 
Blotting using antibodies to  poliovirus polymerase (3Dpol). 
2.10 Processing of Sucrose Gradient Fractions for Imaging 
 Sucrose gradient fractions were fixed with 2% formaldehyde for one hour at 4˚C.  
Button dialysis was performed overnight at 4˚C using a 10K MWCO Slide-A-Lyzer Mini 
(Thermo Scientific), exchanging the ESB buffer containing sucrose for identical sucrose-
free ESB buffer. 
2.11 3Dpol Negative Staining Preparation 
 Grids coated with continuous carbon film were glow-discharged for 30 seconds to 
render the surface hydrophilic.  Four to six µl aliquots were adsorbed onto the surface of 
the grid at room temperature for 5 minutes.  The surface of the grid was then washed with 
two drops of TE buffer, and stained with two drops of 1% uranyl acetate.  The second 
uranyl acetate drop was allowed to incubate for 10 seconds, and then the grid was blotted 
on filter paper (Whatman #1). 
2.12 Negative Staining of Vesicles  
 Sample (4-8 μl) was applied onto grids coated with continuous carbon film and 
incubated at room temperature for 10 minutes.  Glow-discharging of grids was not 
performed for preparing stained vesicle specimens (due to deleterious effects on 
morphology).  After the incubation period, the grid was washed on top of a 50 μl drop of 
ESB50 (10 mM Bicine pH 8.0, 50 mM NaCl, 5 mM MgCl2) for one minute.  The grid 
was then placed on two consecutive 20-30 μl drops of Nano-W (Nanoprobes) or 1% 
phosphotungstic acid pH 7.0 for ten seconds each, and then blotted with filter paper.  
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Samples stained with phosphotungstic acid that frequently exhibited stain crystallization 
were washed with an additional two-50 μl drops of water before blotting. 
2.13 Preparation of Fiducial Markers 
For K314A studies, a 10x concentration of fiducial markers was prepared by spinning 
100 μl of 5 nm gold (Ted Pella Inc.) at 16,000 x g in a desktop centrifuge for 30 minutes, 
and removing 90 μl of supernatant.  The pellet was resuspended in the remaining volume.  
This concentration procedure of the fiducial gold was not necessary for vesicle studies. 
2.14 Cryo-Electron Microscopy 
For K314A crystal studies, a 3Dpol Oligomerization Assay was performed 2-4 
days prior to preparation for cryo-electron microscopy.  Quantifoil 2/2 grids were soaked 
in ethyl acetate briefly, and allowed to dry overnight before use.  A 2.5 μl sample of 
oligomerized K314A, drawn from the bottom of the unstirred tube, was applied to a 
freshly glow-discharged grid.  If the samples were to be used for electron tomography, 1 
μl of 10X fiducial gold (5 nm) was applied to the drop and the sample was quickly 
blotted for 3.5 seconds and plunge-frozen in liquid ethane using a Vitrobot Mark III (FEI, 
Oregon). Samples containing vesicles were prepared in a similar manner, with the 
following modifications: Quantifoil 3.5/1 grids were used, and sample was allowed to 
incubate on the grid surface within the Vitrobot chamber at 100% humidity for one 
minute, before 1 μl of non-concentrated 5 nm fiducial gold (Ted Pella Inc.)  was added 
and quickly blotted for 3.5-4.0 seconds before plunge-freezing. 
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2.15 Poly-Lysine Coating of Grids 
A 4 μl drop of 50 μg/ml poly-L-lysine solution was applied to the carbon coated 
side of the grid, and allowed to incubate for 10 minutes.  After incubation, the grid was 
washed on two 50 μl drops of water and blotted on filter paper, then allowed to dry 
completely before use.   
2.16 Immunolabeling of dsRNA 
 A 6 μl drop of sample was applied to a poly-lysine-coated continuous carbon 
nickel grid, and incubated at room temperature for 10 minutes.  All subsequent steps, 
except the final negative staining step, were performed at 4ºC using pre-cooled buffers.  
After sample adsorption, grids were transferred to a 50 μl drop of ESB150 (10 mM 
Bicine pH 8.0, 150 mM NaCl, 5 mM MgCl2) containing 0.5% formaldehyde, and 
incubated for 10 minutes.  To ensure that excess formaldehyde was removed, the grids 
were washed with three-50 μl drops of ESB150 for 30 seconds each.  Grids were then 
transferred to a 50 μl drop of IEM blocking buffer solution (10 mM pH 8.0, 150 mM 
NaCl, 5 mM MgCl2, 1% bovine serum albumin, 0.02% sodium azide) for 30 minutes.  
Primary antibody was a mouse monoclonal antibody against dsRNA named the “J2 
antibody” (Scicons English and Scientific Consulting, Hungary) diluted 1:2,000 in IEM 
blocking buffer.  Grids were transferred to a 30 μl drop of diluted J2 antibody and 
incubated overnight.  Excess primary antibody was removed by transferring the grids 
over five 100 μl drops with a 10 minute incubation time per drop.  A solution of 5 nm 
gold-labeled goat anti-mouse secondary antibody (Sigma catalog #G7527) was prepared 
by dilution of the secondary antibody 1:250 in IEM blocking buffer, and then centrifuged 
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at 14,000 x g for 10 minutes to remove aggregates.  Grids were transferred to a 30 μl drop 
of this diluted secondary antibody solution and incubated for 90 minutes.  Grids were 
then washed by transferring the grids over five 100 μl drops with a 10 minute incubation 
time per drop.  Staining was performed by transferring the grids to two 30 μl drops of 
Nano-W (Nanoprobes), one minute incubation each drop, before blotting on filter paper. 
2.17  Imaging 
2.17.1 Fluorescence Microscopy 
Samples were imaged at the Boston University Cellular Imaging Core Facility on the 
Nikon Deconvolution Wide-Field Epifluorescence system with a pixel size of 0.11μm.  
Lamp exposure times were determined based on the sample believed to have the 
maximum signal in the particular channel, if any.  For each channel all samples were 
imaged using the same exposure settings.  Imaging fields were identified and focused 
using DAPI, and three image sets were taken per sample.  Image levels were set in Adobe 
Photoshop, maintaining identical levels across each channel for each image. 
2.17.2 Electron Cryomicroscopy and Cryotomography 
All cryomicroscopy was performed on the Tecnai F20 electron microscope (FEI), 
using SerialEM software (Mastronarde 2005).  K314A was imaged with an accelerating 
voltage of 200 kV, while vesicles were imaged at 160 kV.  K314A crystal samples were 
imaged with the following parameters: pixel size of 2.94 Å, defocus ranged from 0.4-2.5 
µm, with an electron dose less than 25 electrons per Å2.  Vesicles were imaged with a 
binned pixel size of 9.06 Å, defocus ranged from 3.0-4.5 µm, and an electron dose less 
than 30 electrons per Å2. 
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  Cryotomography was performed on both samples with slightly different 
parameters.  K314A was imaged with a total cumulative dose less than 60-80 e-/Å2 , at a 
pixel size of 5.88 Å, with a defocus of 3-3.5 µm.  Angle increment between tilts for these 
samples was 2.5 – 3.5º. Samples containing vesicles were imaged with a total cumulative 
dose of approximately 80 e-/Å2, with a binned pixel size of 9.06 Å and a defocus of 4-4.5 
µm.  Angle increment between tilts for vesicle samples was 2.25 – 3º.  Typical tilt ranges 
for both samples were ± 55-65º.  Alignment of tilt series was performed using IMOD 
software (Kremer et al. 1995), using 15-25 gold fiducial markers when available. 
2.18 Volume Modeling and Averaging of K314A 
 Four tomograms including five crystals of K314A were chosen for averaging 
based on data quality.  Crystals were aligned to each other, relative to their appearance in 
real space and Fourier space diffraction patterns, using the Slicer window within IMOD, 
as shown in Figure 1.  Volume averaging was performed using PEET software (Nicastro 
et al. 2006).  Volumes were initially aligned starting with relative orientation determined 
through manual crystal alignment, then aligned over eleven iterations of angular search 
with a final angular search of 0.5˚. 
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Figure 2.1:  Alignment and Modeling of K314A Crystals.  A) Crystals were aligned in 
IMOD so that their longest axis, which will be called the Y-axis of the crystal, is vertical 
in the window.  In both (A) and (B), the model is shown in green.  B)  Crystal rotated 90˚  
around the X-axis.  Modeling through the Z/X plane allowed for accurately modeling the 
lattice within the same Z plane.  Two points were modeled in opposing Z/X views of the 
crystal to create a line through the crystal, and the program AddModPts was used to 
distribute points along the line with lattice spacing.  It was critical to maintain direction 
of the modeling, so crystals were modeled from the blunt end to the pointed end.  
Scalebars represent 50 nm. 
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3. Ultrastructure of the Poliovirus RNA Replication Factory 
3.1 Introduction   
All positive sense RNA viruses utilize host cell membranes for replication 
[reviewed in (Salonen et al. 2005; Mackenzie 2005; Paul & Bartenschlager 2013)].  
These viruses manipulate host cells into generating complex organelle-like structures that 
function in RNA replication.  In accordance with recent literature, these structures will be 
referred to as replication factories.  A similar and often substituted nomenclature, 
“replication complexes”, generally refers to the RNA and proteins directly involved in 
the RNA replication process, while the term replication factory refers to the larger 
vesicular organelle-like structure involved in the process. 
The virus accomplishes the construction of replication factories at the expense of 
the host cell.  In addition to viral proteins, viruses utilize host resources including: 
membranes, host proteins, and in some cases even whole organelles.  Viruses will even 
manipulate host cell systems to synthesize new components, such as lipids, in order to 
create these structures (Mosser et al. 1972).  Manipulation of host cell pathways is so 
efficient that the ability to replicate is dependent upon these effects (Guinea & Carrasco 
1990).   
The membrane surfaces utilized in viral replication factories are believed to 
function in three ways.  First, they provide a scaffold for the RNA replication process.  It 
is an attractive theory that the RdRp may be immobilized on the membrane surface while 
the RNA template moves, similar to cellular DNA replication and transcription systems 
(Cook 1999).  Second, a specialized RNA synthesis complex may function to locally 
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enrich replication components and metabolites. Finally, sequestration of RNA synthesis 
activity from the cytoplasm may serve to protect the dual stranded RNA synthesis 
intermediate products from host cell defenses [reviewed in (Salonen et al. 2005)].  
Similarly, sequestration of RNA replication activity may play a role in spatially 
separating the processes of viral translation, RNA replication, and capsid packaging (Paul 
& Bartenschlager 2013).  
 Data indicate that the topology of replication factories varies among positive 
sense RNA viruses.  As shown in Figure 3.1, the morphologies of replication organelles 
are grouped into two types: invaginated vesicle and/or spherule alterations, and a second 
group that form double membrane vesicle (DMV) alterations.  These two formations are 
similar in that they form an enclosed space for RNA synthesis, but the morphologies are 
slightly different.  As shown in Figure 3.1A, invaginated vesicle/spherule type alterations 
form a lumenal area that is open to the cytoplasm through a narrow neck region.  
Metabolites and RNA products can pass through the neck region, and materials necessary 
for RNA replication concentrate within the lumenal area.  As shown in Figure 3.2, the 
structures of the replication factories formed by Flock House Virus and Semliki Forest 
Virus are good examples of this type of alteration. 
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Figure 3.1:  Topology of Positive-Sense RNA Virus RNA Replication Sites.  (A) RNA 
replication in the invaginated vesicle/spherule type of membrane alterations occurs in 
lumenal space.  Examples of viruses that form this type of alteration are indicated at the 
top.  (B) Two possible topologies of RNA replication with DMV type alterations.  RNA 
replication may occur between vesicle junctions, as shown on the left, or within a lumen 
formed by the DMV.  Little is known about lumenal DMV synthesis, but it would require 
either a transport complex or pore in order to bring in metabolites and export the positive-
sense RNA product.  PV (Poliovirus) and CVB3 (Coxsackievirus B3) are believed to 
replicate between vesicle junctions, while SARS CoV (SARS Coronavirus), MHV 
(Mouse Hepatitis virus), EAV (Equine arterivirus), and HCV (Hepatitis C virus) are 
believed to replicate within lumenal spaces formed by DMV.  Image modified from (Paul 
& Bartenschlager 2013).  
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Figure 3.2:  Invaginated Vesicle/Spherule Type Alterations.  (A) shows Flock House 
Virus infected Drosophila cells with mitochondrial alterations at 12 HPI.    Mitochondria 
are labeled M1-M3.  Mitochondria are invaginated, with further small spherules forming 
crystalline arrays on the inner surface of the invaginated mitochondrial membrane.  (B)  
shows cytopathic vacuoles induced by Semliki Forest Virus within Baby Hamster Kidney 
fibroblast cells at 4 HPI.  Multiple spherules are induced in the invaginated vesicle on 
both sides (positive and negative curvature) of the vesicle.  (C) A single spherule is 
shown.  The neck opening to the cytoplasm is filled with electron-dense material.  (A) is 
modified from (Lanman et al. 2008), (B and C) are modified from (Salonen et al. 2005).   
The surface of RNA replication is poorly understood in DMV-type alterations.  
The lumenal space of a true vesicle is closed to the cytoplasm.  For the lumenal space to 
be the RNA replication surface, this then necessitates a mechanism of pore formation or a 
transport system to import metabolites and export genomic RNA.  As shown in Figure 
3.3, SARS coronavirus infected cells label for dsRNA within DMVs (Knoops et al. 
2008), and the mechanism for transport of metabolites and products is not yet known.  
The authors believed that a proteinaceous pore exists that they could not identify within 
their maps.  Another option is for RNA replication to occur on the surface of viral 
vesicles.  As shown in Figure 3.4, poliovirus infected cells label for dsRNA at vesicle 
junctions in sectioned cells (Belov et al. 2011), although the compatibility of 
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colocalization studies with the negative staining technique has been called into question  
(Richards et al. 2014).  The idea that RNA replication occurs both within DMVs and at 
vesicle junctions is conceivable, and it may even be the case that positive and negative 
strand synthesis occur on separated surfaces.  However, the details of vesicle surface 
topology and RNA synthesis remain vague. 
 
Figure 3.3:  Immunogold labeling of dsRNA Within SARS-Coronavirus-Induced 
Double Membrane Vesicles.  Vero cells were prepared at 7 HPI by high-pressure 
freezing.  IEM labeling (small dark circles) used antibody against dual stranded RNA.  
Labeling appears predominantly within double membrane vesicles.  Scalebar represents 
500 nm.  Image modified from (Knoops et al. 2008). 
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Figure 3.4:  Labeling of RNA in Poliovirus Induced Vesicles.  (A) A section of a 
poliovirus infected cell, fixed at 4 HPI, stained with anti-dsRNA antibody (J2).  (B) A 
similar section which was not incubated with the primary antibody (control).  (C) 
Poliovirus infected cells that were labeled with 5-bromouridine 5’triphosphate (BrUTP) 
from 3.5 to 4.5 HPI, and fixed at 4.5 HPI.  The bromine moiety on the UTP does not 
interfere with incorporation within RNA, and BrUTP can be detected antigenically.  
Antibody against BrUTP was incubated with sample shown in (C) but not with that 
shown in (D).  Scalebars represent 100 nm.  Image modified from (Belov et al. 2011). 
 It is possible to isolate the replication factory created by poliovirus.  Subcellular 
fractionation of infected cell homogenates revealed that there was a twofold increase in 
phospholipid composition of the 30% sucrose fraction compared to mock infected 
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homogenates  (Caliguiri & Tamm 1970b).  As shown in Figure 3.5A and D respectively, 
this fraction is associated with the vast majority of RNA polymerase activity as well as 
the bulk of nascent viral RNA (Caliguiri & Tamm 1970a; Caliguiri & Tamm 1969).  This 
fraction is composed of smooth membrane vesicles as viewed by EM (Caliguiri & Tamm 
1970b; Caliguiri & Tamm 1970a).   
RNA replication activity is associated with smooth membrane vesicles.  The 30 
and 40% sucrose fractions are similar in appearance, and these fractions contain the vast 
majority of RNA polymerase activity as well as the bulk of nascent viral RNA (Caliguiri 
& Tamm 1970a; Caliguiri & Tamm 1969).  Denser fractions (>40%) from infected cell 
homogenates are composed of vesicles associated with dense components such as 
viruses, RNA, and ribosomes (Caliguiri & Tamm 1970a; Caliguiri & Tamm 1969).  
While these results may be intuitive, this indicates that the RNA replication process 
occurs on membranous vesicles with a specific buoyant density while viral RNA 
packaging and virus maturation appear associated with denser vesicle species.  The 
significant difference in density suggests that positive-sense RNA must migrate from the 
region of synthesis to a separate vesicle species in which it is packaged. 
 To determine the role that membranes play in the poliovirus RNA replication 
factory, we investigated the ultrastructure of the isolated factories.  Multiple incremental 
steps along the way were necessary to obtain this sample, and they will be shown.  Work 
with poliovirus was a new tool for this laboratory, and we needed a way to monitor viral 
infection.  To accomplish this we tested new anti-sera against 3Dpol and used it to 
monitor infection and viral replication factory isolation. 
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Figure 3.5:  Isolation of the Poliovirus Replication Complex by Subcellular 
Fractionation.  HeLa cells were harvested at 3.25 (A-C) and 4 HPI (D) and a 
cytoplasmic extract was prepared by Dounce homogenization.  Nuclei and cell debris 
were removed by centrifugation at 900 x g, and post-nuclear supernatant was fractionated 
on a sucrose gradient by centrifugation at 86,000 x g for 17-19 hours.  The density of 
each fraction at 4˚C followed by approximate sucrose percent is as follows: fraction 1, 
1.079 g/cm3 (20% sucrose); fraction 2, 1.119 g/ cm3 (30%); fraction 3, 1.179 g/cm3 
(40%); fraction 4, 1.206 g/cm3 (45%); fraction 5, 1.246 g/cm3 (50%); fraction 6, 1.265 
(60%); fraction 7, 1.312 g/cm3 (65%).  (A) Distribution of RNA following a 2.5 minute 
pulse of H3-uridine.  (B) Distribution of labeled protein following a 3 minute pulse of H3-
leucine.  (C) Viral RNA polymerase activity in each fraction, assayed by utilization of 
H3-ATP as the precursor.  (D) Distribution of infective poliovirus in the gradient 
fractions.  Infectivity was measured by determining PFU/ml of each fraction by plaque 
assay.  Data modified from (Caliguiri & Tamm 1969). 
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Figure 3.6:  Protein Synthesis in Poliovirus Infected Cells.  This figure illustrates the 
shut-off of host cell protein synthesis and the appearance of poliovirus proteins within the 
infected cells.  HeLa cells were pulse-labeled with (35S) methionine for 15 minutes prior 
to preparation of cell extracts.  Cell extracts were analyzed by SDS-PAGE and 
radiolabeled proteins were visualized by autoradiography.  Lanes are labeled: (M) mock 
infected, or with the appropriate time post infection in minutes.  Viral proteins are 
responsible for a majority of the signal at approximately 2 HPI (110-130 minutes post 
infection), and nearly all the signal after 3 HPI.  Data modified from (Koch & Koch 
1985, p.338). 
 
3.2 Results 
3.2.1 Morphological Changes to Infected Host Cells 
 To characterize the morphological changes that poliovirus induces in the cell, it 
was important to validate that the changes in our system were in phase with reported 
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values.  To accomplish this, we monitored a time course of infection for infected and 
mock infected cells using light microscopy.   
Cellular protein LC3 is a 17 kDa protein that is considered a marker for 
autophagy [reviewed in (Tanida et al. 2008; Mizushima & Yoshimori 2007)].  The 
protein in its soluble form is called LC3-I.  In its lipidated form, LC3-II, is a biochemical 
marker for autophagy.  LC3 lipidation occurs in autophagy as well as in poliovirus 
infection, and vesicles of autophagosomal origins are proposed to play a role in double-
membrane vesicle development (Taylor & Kirkegaard 2007).  A human-derived hepatic 
cell line, HuH-7, that was modified to constitutively express Green Fluorescent Protein 
(GFP) linked LC3, was a generous gift from Dr. Karla Kirkegaard (Stanford University). 
In addition to monitoring cellular GFP-LC3 it was important to track localization 
of a viral protein.  We chose to track the localization of poliovirus polymerase.  This was 
accomplished using a new anti-serum, raised against our own bacterially expressed and 
purified 3Dpol, by Cocalico Biologicals (PA).  3Dpol is the last protein translated within 
the viral polypeptide, therefore representing translation of the entire polypeptide, in 
addition to its role as the RdRp that plays a central role in genome replication. 
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Figure 3.7:  Early Infection Time Course.  HuH-7 LC3-GFP cells were infected at 7 
PFU/cell, and fixed at the time indicated post infection.  All images in a row represent the 
same field.  DAPI staining binds chromatin and represents nuclear staining.  Controls 
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were run at 0, 4, and 7 HPI to represent the following stages: very early infection, the end 
of peak RNA replication, and late infection. 
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Figure 3.8:  Peak to Late Infection Time Course.  Same preparation as Figure 3.7.  
HuH-7 LC3-GFP cells were infected at 7 PFU/cell, and fixed at the time indicated post 
infection.  All images in a row represent the same field.  DAPI staining binds chromatin 
and represents nuclear staining.  Controls were run at 0, 4, and 7 HPI to represent the 
following stages: very early infection, the end of peak RNA replication, and late 
infection.    
We observe alterations to host cells by poliovirus beginning at 3 HPI.  At this 
time point we observe the distortion of the nuclei as well as significant 3Dpol staining.  
The nuclei of the HuH-7 LC3-GFP cells normally appear oval and fine structure can be 
seen, as exhibited by darker and lighter DAPI regions of staining within the nucleus (as 
shown in Figure 3.7, Mock 0 and 4 HPI).   In Figure 3.7, 3 HPI, nuclear distortions are 
seen in the five nuclei on the left side of the image, while the two shown on the right 
exhibit normal morphology.   The condensation of chromatin and rearrangement of the 
nucleus is called pyknosis, and reportedly is observed 3-4 HPI (Koch & Koch 1985).  
During this process, viral rearrangements cause the nuclei to become distorted and move 
toward the periphery in the infected cell.  The appearance of 3Dpol at 3 HPI also follows 
reported values, as shown in Figure 3.6.  Staining for 3Dpol at 3 HPI appears bright 
throughout the two lower, pyknotic cells, as well as in the neighboring cell that exhibits 
no apparent nuclear change. 
Alterations to host cells after 3 HPI become more dramatic.  As shown in Figure 
3.8 the nucleus in infected cells continues to get smaller and brighter, indicating further 
condensation of the chromatin from 4-7 HPI.  Cells begin to round up at approximately 4 
HPI, which can be visually seen as altered at low magnification at around 4.5 HPI 
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[reviewed in (Koch & Koch 1985)].  Staining for 3Dpol appears brightest from 4-5 HPI, 
although this could be a result of the diminished cell area exhibited by infected cells at 
this time point.  Autophagy marker LC3 becomes punctate in infected cells 4-5 HPI, and 
localizes predominantly near the nucleus. 
Infected cells late in infection, 6-7 HPI, showed poor adherence to the glass 
substrate.  This effect was mitigated by gentle aspiration and addition of subsequent 
washes until the cells were fixed, however the majority of cells were lost.  As a result, the 
data from 6-7 HPI are expected to be skewed.  Cells maintaining substrate contacts at this 
point in infection may be retarded in infection cycle or metabolically different than their 
peers.  For the purpose of validation however, these data were sufficient. 
Staining for 3D is diffuse at every time point at which it could be detected (3-7 
HPI).  No localization or compartmentalization within the cell is observed.  Perinuclear 
punctate staining for LC3-GFP is observed in cells 3, 4, 5 and 7 HPI. 
3.2.2 Time Course of 3D Abundance During Poliovirus Infection 
After showing that we could detect 3D-containing proteins during the time course 
of poliovirus infection, we set out to determine the relative abundance of each 3D-
containing protein.  As shown in Figure 3.9, 3D-containing proteins were detected within 
cell lysates from five to seven HPI.  These data are not intended to accurately represent 
the time at which 3Dpol appears post infection, which is more sensitively measured using 
radiolabeling methods (as shown in Figure 3.6).  Rather, these data are presented to show 
three things: first, which forms of 3D we are monitoring, second, that we can track 
infection with specificity via the new anti-3Dpol serum, and third, that the sample 
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concentrations remained approximately equal (Figure 3.9B).  The serum was raised 
against 3Dpol; however 3Dpol regions are contained within multiple proteins due to 
proteolytic processing.  Therefore the serum should recognize multiple 3D-containing 
forms.  The 3D-containing proteins with appreciably long half-lives are: 3ABCD, 3CD, 
3D, 3C’, and 3D’.   
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Figure 3.9:  Poliovirus Infection Time Course Tracked by Western Blotting Using 
Anti-3Dpol Antibodies.  A) Lysates were prepared from HeLa cells at indicated times 
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post-infection.  3D-containing proteins were seen from 5-7 HPI. 3D-containing protein is 
indicated on the right.  B)  Lysates visualized by Coomassie-stained SDS-PAGE.  Equal 
amounts of samples prepared from mock and infected lysates were loaded.  Staining 
intensity indicates that the amount of loaded cell lysates was roughly equivalent between 
mock and infected samples.   
These results show that 3CD is the dominant form of 3D at 5-7 HPI.  3Dpol is 
present, but not in high quantities relative to other 3D-containing proteins.  Proteins 3C’ 
and 3D’ were also detectable at these times.  3C’ and 3D’ are the proteolytic products of 
3CD generated by the protease 2A (Toyoda et al. 1986) [see Introduction Figure 1.1].  
Protein 3CD is most frequently cleaved by proteases 3C (or 3CD) into 3C and 3D.  
Cleavage of 3CD by 2A results in two proteins of approximately the same size although 
3C’ runs slower by electrophoresis (see Figure 3.6).  The functions of 3C’ and 3D’ are 
largely unknown and, although they are not essential for virus replication (Lee & 
Wimmer 1988), these data indicate that their concentration is comparable to 3D from 5-7 
HPI. 
As noted in the light microscopy section, infected cells were loosely adherent to 
substrates at 6-7 HPI.  To counter this, it was essential to mechanically scrape cells into 
the media and pellet them, rather than washing cells adhered to the surface.  It was then 
possible to wash the pellet using centrifugation without significant loss of cells and 
resulting signal. 
3.2.3 Isolation of Viral Replication Factories 
 Having demonstrated that: (1) viral infection is occurring in phase with the 
literature, as shown by light microscopy, and (2) that we have the ability to monitor a key 
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part of the replication factory in Western blot analysis using antibodies against 3Dpol, 
isolation of replication factories by subcellular fractionation was performed.   It should be 
noted that subcellular fractionation does not result in isolation of pure replication 
factories.  Cellular organelles and components fractionate at similar densities, as outlined 
in the extensive work of De Duve and colleagues beginning in the mid-1950s [reviewed 
in (De Duve 1971)].  However, we will use the term isolation because this subcellular 
fractionation of infected cells separates viral RNA and RNA replication activity from 
other processes, like viral polypeptide translation and capsid maturation, as shown in 
Figure 3.10. 
  The post-infection time point is critical for studying morphology of RNA 
replication complexes.  We chose to pursue the time point of 4 HPI because it 
corresponds to the end of the period of linear increase in RNA accumulation, in which 
most RNA synthesis occurs in an infected cell, as shown in Figure 3.10. 
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Figure 3.10:  Time Course of Accumulation of Poliovirus RNA.  Inset shows a 
magnification of the events in early infection.  Number of RNA molecules is calculated 
per cell.  Labeling is as follows: vRNA is encapsidated RNA, which is nearly exclusively 
positive sense (40,000 : 1) (Novak & Kirkegaard 1991).  RF-RNA is replicative form 
RNA, which represents negative strand synthesis because it is the hybridization of 
positive and negative sense RNA produced during negative sense RNA synthesis.  
mRNA in this case is viral mRNA, or positive-sense genomic RNA that has not been 
packaged.  RI-RNA is replicative intermediate RNA, an unstable hybrid of the product 
and the template produced during positive sense RNA synthesis.  Figure modified from 
(Koch & Koch 1985). 
Subcellular fractionation has been performed extensively on infected cell 
homogenates [e.g. (Caliguiri & Tamm 1969; Bienz et al. 1990)].  However changes in 
methods among subsequent reports are difficult to track, especially the salt concentration 
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in the sucrose gradient.  Our protocol resembles that documented in (Schlegel et al. 
1996), using near-physiological salt conditions, 150 mM NaCl and 5 mM MgCl2, rather 
than low salt conditions. 
The procedure for subcellular fractionation is detailed in the materials and 
methods section.  Briefly, homogenates derived from 6.2 x 107 cells that were infected or 
mock infected were layered onto a discontinuous sucrose gradient composed of 30% and 
45% sucrose, and centrifuged at 250,000 x g for 16-18 hours.  Following centrifugation, 
we were unable to see banded material within the sucrose gradient, which has been 
reported when ten-fold more cells were used (Caliguiri & Tamm 1969). However, 
preparation of the sample for electron microscopy revealed that the 30% sucrose fraction 
contained a good distribution of lipid vesicle clusters consistent with previous reports 
(Figure 3.13). 
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Figure 3.11:  Distribution of 3D-Containing Proteins Within the 
Density Fractions. Subcellular fractionation was performed following 
Dounce homogenization of 6.2 x 107cells at 4 HPI.  A) shows a Western 
blot of the resulting sucrose gradient fractions probed with antibodies 
against 3Dpol.  The images of two separate gels from the same exposure 
are shown, positioned so that molecular weight markers approximately 
line up.  The identity of the fraction, mock or infected, is labeled at the 
top, followed by the fraction number in the gradient.  Lanes: Dounce 
Homog., is the sample after Dounce homogenization before loading on 
the gradient, 3D is 3Dpol standard, S1 and S2 are on top of the gradient, 
S3-S5 are within the 30% sucrose cushion, S6 and S7 are the 45% sucrose cushion, S8 is 
45% sucrose and any pellet material. B) shows a Coomassie-stained SDS-PAGE of the 
Dounce Homogenate samples run in the Western Blot in (A).  Molecular weight markers 
are indicated by MW, and Dounce homogenate samples are labeled as follows: mock 
infected cells (1), and infected cells (2).  Densitometry of the stained gel indicates that 
differences in the total load are within 10% for infected and mock infected samples. 
The distribution of 3D-containing proteins throughout the sucrose gradient 
fractions is shown in Figure 3.11.  Different 3D-containing proteins were identified by 
their electrophoretic mobility relative to the molecular weight markers.  The homogenate, 
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prepared from cells harvested 4 HPI, showed high levels of all 3D-containing proteins.  
Following density gradient fractionation however, most of the 3D-containing proteins are 
above the sucrose cushions (fraction S2, 0% sucrose).  The distribution of 3D-containing 
proteins linearly decreases as the density increases. The pellet (S8), has noticeably more 
signal than lighter fractions (S6 and S7), possibly representing translation products 
attached to ribosomes.  Protein 3CD contributes the most signal in all fractions, followed 
by approximately equal amounts of 3Dpol, 3C', and 3D'.   
3.2.4 Characterization of the 30% Sucrose Subcellular Fraction by Electron 
Microscopy 
 
Figure 3.12:  Composition of the Subcellular Fraction Viewed by Electron 
Microscopy.  The fractions recovered from 30% sucrose were negatively-stained and 
visualized by electron microscopy.  A) Mock infected fractions had components that 
appeared proteinaceous that stain darkly (lower left), larger lipid components that exclude 
stain (center), and smaller microsome-like components (above left).  B) Fractions derived 
from infected cells looked similar to those derived from mock-infected cells but 
contained additional lipid cluster components. 
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 The 30% sucrose subcellular fraction was then characterized by negative staining 
followed by electron microscopy.  Fig 3.12A shows samples derived from Mock infected 
cells.  These samples contained an array of components that appeared proteinaceous, 
vesicular, or microsomal.  These components were typically mono-dispersed, although 
large aggregates could be seen.  Vesicles within this fraction were predominantly single 
membrane vesicles.  The fraction isolated from infected cells showed species identical to 
the mock fraction as well as additional vesicles.  These vesicles, as shown in Fig  3.13B, 
appeared in arrangements that are similar to those previously reported in similarly 
fractionated isolates (Bienz et al. 1990) and in infected cell sections (Schlegel et al. 1996; 
Kallman et al. 1958; Dales et al. 1965).  The vesicles within the infected fraction that we 
attribute to viral infection are often arranged as clusters of lipids.  We identify this viral-
induced species within this fraction visually, by multiple characteristics including: 
viruses, high-energy membrane conformations, double membrane vesicles, and 
morphological similarity to reported vesicle morphologies.   
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Figure 3.13:  The Rosette Vesicle Arrangement.  Rosettes are a previously 
characterized vesicle arrangement that appears in the subcellular fractions that have RNA 
replicative activity.  (A) An example of a Rosette from a previous report, immunolabeled 
for protein 2C.  V indicates vesicles, RC indicates a structure that they called the 
replication complex.  Label for 2C is seen mostly within the dense network of protein and 
vesicles, between the large vesicles.  (B) Unlabeled Rosette from our preparation.  The 
morphology, composition, component size, and overall size are quite similar.  (A) is 
modified from (Bienz et al. 1990) 
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 Rosettes are the most easily identifiable component within this subcellular 
fraction.  They have been thoroughly characterized by the work of the laboratory of Drs. 
Kurt Bienz and Denise Egger [eg. (Bienz et al. 1990; Pfister et al. 1992; Bienz et al. 
1992; Egger et al. 1996)].  Rosettes appear as oblong, organized vesicle clusters that are 
approximately one micron long by 300 nanometers wide.  Large vesicles surround a 
denser, central structure that labels for 2C and RNA (Bienz et al. 1992).  As shown in 
Figure 3.12, we see similar structures within our sample.  Unfortunately, it was difficult 
to discern fine details because of staining difficulties.  As shown in Fig 3.12B and Fig. 
3.13, they tended to puddle stain around themselves, obscuring details within the central 
structure.  Numerous stains and washing techniques were attempted, but results were 
inconsistent.  Although we did not improve the staining of this sample above the level 
shown in Fig. 3.13, we report that freshly prepared phosphotungstic acid was superior to 
Nano-W, which were both far superior to uranyl acetate for Rosette staining.  This was 
not the case for all vesicle species however. 
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Figure 3.14:  Morphology of Horseshoe Membranes Within Gradient Fractions 
Containing Vesicles from Infected cells.  (A) shows a vesicle cluster.  The cluster 
contains vesicles exhibiting a repeated horseshoe-like morphology in multiple locations.  
(B) shows the inset of A at higher magnification, showing two vesicles with a horseshoe-
like morphology.  These horseshoe-shaped vesicles have two terminal lobes.  Density is 
strongest at the lobes and the peripheral edge of the vesicle, but not between the lobes.  A 
noticeable change in density is apparent between the region enclosed by the lobes and the 
exterior of the vesicle (arrows), indicating that there may be lipid between the prongs of 
the horseshoe. (C) shows two horseshoe-shaped vesicles.  One horseshoe appears to 
deform the larger vesicle, or vice versa.  Three lipid bilayers are seen where the 
horseshoe interacts with the larger vesicle, suggesting that the larger vesicle is a DMV.  
(D) shows vesicles with a similar horseshoe-like morphology from sectioned infected 
cells (7 HPI).  Viruses are the dense round particles seen interacting with horseshoe-like 
membranes.  (D) is modified from (Dales et al. 1965).  
Another component found exclusively within infected subcellular fractions was a 
class of horseshoe-shaped membranes.  As shown in Figure 3.14, this vesicle morphology 
can be seen multiple times within a vesicle cluster.  They have two characteristic lobe 
densities at one end, and a strong peripheral membrane density connecting them like a 
horseshoe, or the omega symbol (Ω).  Unlike the omega symbol however, where the 
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lobes point outward, the terminal lobes of these vesicles tend to point at a neutral angle or 
inward.  There is density between the prongs, as exhibited by the difference in density by 
the region between the lobes and the background.  This indicates that there is lipid 
density between the prongs of the horseshoe, meaning it may be wrapped on one or both 
sides in membrane. 
 The horseshoe morphology has been previously reported in infected cell sections.  
The first studies of poliovirus infected cells called the induced vesicles "U- bodies" 
because of their morphological appearance (Kallman et al. 1958).  As shown in Figure 
3.14D, subsequent reports examined the morphology of horseshoe vesicles (Dales et al. 
1965).  These vesicles were also reported within infected cells preserved by high pressure 
freezing/freeze substitution, a method of superior preservation especially in regard to 
vesicle structure (Schlegel et al. 1996). 
3.2.5 Immuno-Electron Microscopy of Dual-Stranded RNA 
 To further characterize the vesicles seen within this subcellular fraction, we 
immunolabeled dual stranded RNA and viewed the localization by immuno-electron 
microscopy.  A commercially available antibody that recognizes RNA duplexes longer 
than 40 base pairs was used.  This antibody, called J2, has been used extensively in 
studying RNA viruses including poliovirus [e.g. (Ferraris et al. 2010; Richards et al. 
2014; Belov et al. 2011)]. 
Data from immuno-gold labeling of dsRNA is shown in Figure 3.15.  Labeling 
was seen in various vesicle morphologies.  As shown in Fig 3.15H, when there was low 
background, an RNA-sized polymer can be seen near gold labels.  As shown in Figure 
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3.15D, labeling with linear continuity was also seen.  Three gold labels that are arranged 
linearly can be seen in the lower portion of the image, possibly reflecting multiple labels 
on a single dual stranded RNA.  The upper portion of the image, shown at higher 
magnification in Fig 3.15G, shows dsRNA labeling near virus-like hexagonal structures.  
Much of the labeling occurred within large vesicle clusters, as shown in Fig3.15C and E.  
The vesicle morphology near labeling in the images is inconsistent, suggesting that there 
may not be an identifiable phenotype for vesicles interacting with dsRNA. 
To keep the sample adhered to the grid during the washing and transfer steps 
associated with immuno-EM, it was critical to coat the grids with poly-lysine.  The 
sample was then adsorbed on the grid, and cross-linked to the poly-lysine coated grids 
with 0.5% formaldehyde.  This resulted in maintaining vesicular material on the grid 
through the incubation process.  While poly-lysine coated grids exhibited staining 
problems with infected samples, as shown in Figure 3.15B, the resulting dense stain 
granules can be distinguished from immunogold labeling by density and shape at higher 
magnification, as shown in the inset of Figure 3.15B. 
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Figure 3.15:  Immuno-EM of dsRNA Within Replication Factories.  (A) Isolated 
vesicles from mock-infected cells showed no labeling when incubated with an antibody 
against dual stranded RNA.  (B) Vesicles derived from viral-infected cells incubated in 
the absence of primary antibody exhibited no labeling.  Vesicles from infected cells 
exhibited stain crystallization problems, so an inset is shown at double magnification to 
illustrate that irregular staining and not gold-labeling is responsible for the high density 
granules within the sample shown. (C-G) Vesicles from infected cells that were treated 
with primary antibody against dsRNA.  (C) dsRNA labeling near the junction of a 
multilamellar vesicles  and a horseshoe-shaped vesicle.  Scale bar for inset is 25 nm.  (D) 
Black arrow, suggests periodic labeling at a tubular structure within the vesicle cluster.  
The white boxed region, shown at  higher magnification in (G), depicts dsRNA labeling 
near multiple repeated hexagonally-shaped 30-nm structures, expected to be virions.  (E) 
A region of small vesicles within a larger cluster that labeled for dsRNA, shown at higher 
magnification in (F).  (H) A linear polymer with a 2.5 nm-diameter, suggesting the 
presence of RNA, appears near immunogold labeling. 
3.2.6 Electron Cryomicroscopy of the Subcellular Fraction 
 After demonstrating that the vesicles within our preparation resembled previous 
reports, as well as showing that the preparation contains dual stranded RNA, the result of 
viral RNA replication, we characterized the sample by cryoEM.  Both cryo-imaging and 
cryotomography were performed, however the images (rather than tomograms) were 
difficult to interpret due to the clustering and spatially overlapping nature of these 
samples.  We will focus on the tomographic reconstruction data, which is vastly superior 
to interpret because it can be spatially resolved in the direction of illumination. 
 Virus capsids are one of the most easily identifiable elements of the cryo-
preserved vesicular sample.  The 30% sucrose fraction has very little mature infective 
virus, as shown in Figure 3.5, and free viruses sediment at a much denser fraction (50 and 
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60% sucrose).  However, as shown in Figure 3.16, some capsids recovered in the 30% 
sucrose fraction are seen associated with the membranes.  Viruses are 30 nm in diameter, 
and have icosahedral symmetry which appears sixfold in projection (Koch & Koch 
1985).  We identify viruses within our tomographic reconstructions based on these 
parameters, as shown in Fig 3.16.  Dark and light densities within the capsids indicate 
that full and empty capsids, respectively, are visible within the reconstructions. 
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Figure 3.16:  Different Stages of Virion Assembly on Membrane Surfaces.  Viral 
capsids, identified by shape and size, are prevalent on membrane surfaces within the 30% 
sucrose fraction.  (A) Virus with an electron-dense core is seen on the surface of a 
membrane.  (B)  An RNA-sized polymer is indicated by black arrows.  The polymer has a 
diameter of 2.6 nm and localizes near a virion on a membrane surface.  White arrow 
indicates a capsomer-like structure.  (C) Empty capsids are also seen on membrane 
surfaces.  Scale bars represent 25 nanometers. 
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Figure 3.17:  Complex Double Membrane Vesicle Structures Revealed by Electron 
Cryotomography.  (A-L) Successive nine nanometer thick slices through a tomographic 
reconstruction are shown.   The black arrow indicates a pore-like formation that is open 
in slices (D and E) and closed above and below (slices C and F).  White arrowhead 
indicates a pore-like formation closed in (D) and (G), and open in (E) and (F).  The 
openings in both pore-like formations have a diameter of 16 nm.  The black arrowheads 
indicate a double membrane vesicle with partially protected lumenal space that is 
fiddlehead-like in appearance.   
 Similar to what was observed in negatively-stained preparations; high-energy 
membrane conformations were also a common feature within cryo-preserved samples.  
Figure 3.17 shows three examples of high-energy membrane conformations of DMVs 
within a larger cluster of vesicles.  Two of these vesicles maintain pore-like 
conformations leading to a lumenal space, and the third has a more open fiddlehead-like 
structure.  Pore-like conformations were a feature seen most frequently in clusters of 
small vesicles. 
 Another familiar high-energy membrane conformation frequently seen within 
cryo-preserved samples is horseshoe membranes.  The morphology of cryo-preserved 
horseshoes is shown in Figure 3.18.  Tomographic volume maps of these vesicles reveal 
that these vesicles maintain a concave shape.  In profile, these vesicles appear as two 
lobed densities connected by a double membrane that is tightly associated, as shown in 
Figure 3.18A.  The terminal lobes vary in curvature and size.  In some volumes, a 
membrane-associated density can be seen associated, typically, on the regions of positive 
membrane curvature (Figure 3.18G).  
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Figure 3.18:  The Morphology of Cryo-Preserved Horseshoe Vesicles.  Volume slices 
through tomographic reconstructions are shown.  (A-D) show the morphology of a single 
vesicle.  (A) shows a cross section, 20 nm thick, through the central region of the vesicle.  
(B) shows a similar cross section higher up within the vesicle, exhibiting change.  The 
model produced by tracing this membrane through all heights is shown in (C and D).  
The position in (C) is nearly a 90 degree rotation about the X axis relative to (A) and (B).  
(D) is a nearly 90 degree rotation around the Y axis relative to (C).  These views illustrate 
the concavity of the vesicle and illustrate the positions of the lobe densities.  (E) shows a 
30 nm slice through a horseshoe vesicle in a different orientation, one similar to viewing 
the concavity rather than the cross section shown in (A).  (F) shows a 15 nm thick 
volume slice of three horseshoe membranes of varying curvature, overall size, and lobe 
size.  Membrane-associated densities are seen predominantly on the areas of the 
membranes with positive curvature. (G) shows the inset in (F) at higher magnification.  
Membrane-associated densities are seen spaced along the positive curvature side of the 
lobe of this horseshoe.  Scalebars represent 50 nm unless otherwise specified. 
A DMV with an extended lumenal space is shown in Fig 3.19.  This vesicle is 
much larger than previous horseshoe vesicles, but it appears to have the horseshoe-like 
profile complete with visible lobes in some sections through the tomogram (D and E).  
  
76 
This vesicle is nearly completely enclosed by two membrane bilayers, except for an 
opening on one end.  The lumenal space within this vesicle appears to contain dense 
polygonal and linear objects.  As shown in Fig 3.19B-E, a thumb-like structure is at the 
end of the vesicle that has an opening.  The opening of this vesicle faces and interacts 
with a double membrane vesicle, which is nearly perfectly spherical; only the edge of this 
vesicle is visible in Fig 3.19.   
 
Figure 3.19:  Gated Lumenal Spaces Within Vesicles.  Double membrane vesicles 
frequently had high-energy membrane conformations that surround a lumenal space.  
Successive volume slices are shown of a tomographic reconstruction.  Volume slices are 
45 nm thick, except at G which is 18 nm thick.  (A) is mostly below the vesicle, except 
for the density surrounding the opening.  (B) shows the bottom of the opening, and the 
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“thumb” at the white arrowhead.  This density is separated from the vesicle in this plane.  
(C and D) show the separation growing smaller between the thumb and the rest of the 
vesicle.  (E) The density corresponding to the thumb is continuous with the rest of the 
vesicle.  Linear densities and objects with hexagonal symmetry that do not appear to be 
virus-like are seen within the lumenal space.  (F) shows the density of the vesicle nearing 
the top.  (G) is a thinner volume, 18 nm, showing that the densities for both membranes 
join above the opening.  (H) Shows density for the upper lipid double bilayer on top of 
the vesicle.  The vesicle is closed on top (H) and bottom (B).  
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Figure 3.20:  Polymeric Densities Consistent with RNA Appear Within Vesicular 
Lumenal Space.  Successive 18 nm slices through a tomographic reconstruction are 
shown.  The central vesicle is a double membrane vesicle. The inner membrane vesicle is 
spherical, and completely enclosed within the larger outer bilayer.  The enclosed lumenal 
space within the larger bilayer is filled with linear densities that are approximately 2.6 nm 
wide, which is consistent with the diameter of dsRNA.  (F) shows a puckered pore-like 
structure in the membrane, at the white arrow.  This structure is continuous with the large 
amorphous vesicular structure seen in (G-H).  Density for the top and bottom of the 
central vesicle is shown in I and A, respectively, showing that the lumenal space is 
enclosed. 
 The final component seen within the 30% sucrose subcellular fraction is an RNA-
sized polymer within vesicle lumens.  As shown in Figure 3.20, this polymer has a width 
ranging from approximately 2.6 to 4.8 nanometers and is seen within the lumenal space 
of vesicles.  This diameter is smaller than known cellular polymers such as 7 nm actin 
filaments [reviewed in (Grazi 1997)], however it is slightly larger than canonical RNA. 
The polymers appear to be packed within the vesicle, taking up the majority of space.  
Their packing does not exhibit order.  A pore-like structure can always be observed on 
one end of the vesicle, although the density is often obscured by an amorphous structure.  
Due to the highly overlapping nature of the polymer within the vesicle, it is impossible to 
identify these specimens by a single image in projection, as illustrated in Figure 3.21.  It 
is necessary to reconstruct a tomogram so the polymer can be spatially separated in the 
direction of illumination. While at this time we interpret these polymers to be RNA, 
further study is required for definitive identification. 
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Figure 3.21:  Polymeric Densities within Lumenal Vesicles are Visible within 
Subtomogram Slices.  (A) shows the full projection, 225 nm thick, through a 
tomographic reconstruction.  The central vesicle appears round except for four 
protrusions.  While there is visible density in the vesicle, details of the contents cannot be 
discerned. (B) shows a 30 nm thick slice through the reconstruction.  An RNA-sized 
polymer is apparent throughout the vesicle lumen. 
3.3 Discussion 
3.3.1 Utilization of 3Dpol as a Marker for Monitoring Infection 
 Poliovirus polymerase is the RdRp that plays the central role in genome 
replication.  This protein was utilized as a marker for two reasons: first, we had purified 
protein to use as an antigen, and second because it is the protein responsible for RNA 
replication.  However, the low abundance of 3Dpol within infected cell lysates and the 
subcellular fractions of interest compromised its use as a marker for the isolation of 
replication factories.  A membrane-associated protein such as 2BC, 2C, 3A, or 3AB may 
have served as a more robust antigenic marker for the isolation of viral replication 
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complexes.  Recent data indicate an antibody against dual-stranded RNA is a superior 
marker for light microscopy (Richards et al. 2014).  We did not pursue this antibody as a 
marker however, believing that an RNA antigen rather than a protein antigen would 
compromise our ability to track antigen-containing fractions by Western blotting, due to 
the denaturing conditions involved in sample preparation (although it was not attempted). 
3.3.2 Light Microscopy of Cell Infection Time Course 
 Changes within infected cells corresponded well with reported values.  This was 
reassuring in two ways: first, that infection was proceeding in phase with other literature, 
and second, demonstrating the ability to infect approximately 95% of cells.  The 
localization of 3Dpol was expected to be diffuse because of the multiple 3D-containing 
proteins resulting from polyprotein processing, as was seen.  However, data from 
confocal light microscopy indicate that 3D-containing proteins can be spatially resolved 
at 4 HPI in infected cells (Hsu et al. 2010).  This discrepancy probably reflects the 
superior spatial resolution of confocal microscopy in the direction of illumination.  The 
relatively small and overlapping nature of the replication factories, coupled with 
complicated interactions between their components make these data easy to misinterpret 
in projection, similar to the difficulty we encountered trying to interpret images instead of 
tomographic maps of cryo-preserved specimens. 
  The localization of LC3 during poliovirus infection is interesting.  LC3 is a 
marker for autophagy that begins in a soluble form, becoming lipidated and membrane 
associated during autophagic processes [reviewed in (Mizushima & Yoshimori 2007)].  
The protein gets destroyed during autophagic processes, and the turnover of LC3 in its 
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lipidated form is high in healthy cells undergoing autophagy.  The double membrane 
morphology of autophagic vesicles seen in healthy cells is similar to the morphology seen 
in infected cells.  Cellular autophagosomes, however, are approximately 800 nm in 
diameter, much larger than virally induced vesicles, which are 200-400 nm in diameter 
(Taylor & Kirkegaard 2008).  Poliovirus is reported to subvert autophagy: upregulating 
autophagic processes while preventing lyosomal fusion, the final step of autophagy 
[reviewed in (Taylor & Kirkegaard 2008)]. Two non-competing reasons for this 
subversion have been proposed: first, as an origin for formation of double membrane 
vesicles (Jackson et al. 2005), and second, that autophagosomes play a role in virus 
maturation (Richards & Jackson 2012).  Our results indicate that LC3 staining becomes 
perinuclear and punctate in infected cells from 4-7 HPI (with the exception of 6 HPI 
which shows little LC3 staining and is believed to be an aberration).  Our data support 
both theories, as 4 HPI is concurrent with (1) the accumulation of DMVs (Belov et al. 
2011), and (2) the period at which viruses accumulate  within the cytoplasm of infected 
cell sections of  (Dales et al. 1965; Schlegel et al. 1996) 
3.3.3 Time Course of 3D-Containing Protein Abundance During Infection 
 Western blot analysis of infected cell lysate time courses indicate that 3D-
containing proteins can be detected 5-7 HPI.  We expect that the levels of 3D from 3-4 
HPI were under our threshold of detection.  If lysates were harvested from more infected 
cells, or from a more concentrated solution, we expect that this would shift the detection 
threshold earlier in infection.  However, we expect that the relative abundance of 3D 
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containing proteins would not be consistent with late infection (5-7 HPI).  The high 
relative abundance of 3CD at 5-7 HPI possibly reflects its role in capsid maturation.  
3.3.4 3D-Containing Protein Abundance in Isolated Replication Complexes 
The relative abundance of 3D-containing proteins within the 30% sucrose 
subcellular fraction was unexpected.  The majority of the signal in the fractions within 
the gradient is from protein 3CD rather than 3Dpol.  This was surprising, as we 
hypothesized that 3Dpol would be enriched in the fraction with the majority of RNA 
replication activity, as shown earlier (Caliguiri & Tamm 1969).  One explanation for the 
low abundance of 3Dpol within the replicative fraction is that an astonishingly small 
fraction, 0.1% , of 3Dpol is involved RNA synthesis (Lundquist et al. 1974).  This small 
amount of polymerase per cell, estimated at approximately 3,000-12,000 molecules 
(Lundquist et al. 1974), produces approximately 5 x 105 copies of viral RNA per cell 
(Hewlett et al. 1977). This illustrates the idea that RNA replication occurs efficiently in 
distinct microenvironments within the cell.  If RNA replication was not spatially 
sequestered, it is unlikely that synthesis activity would be limited to a small fraction of 
polymerase. 
The relative abundance of proteins 3C' and 3D' within the 30% subcellular 
fraction was also a surprising result.  The role of these proteins is completely unknown.  
Protein 3C' is 3C with an additional 148 residues of 3D (Hanecak et al. 1982).  By 
analogy to the structure of 3CD, which retains the protease activity of 3C but loses the 
polymerase activity of 3D, it is conceivable that 3C' may retain protease activity even 
with the additional residues.  Conversely, the structural role of the buried N-terminus of 
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3Dpol is critical in positioning the active site for polymerase activity (Hobdey et al. 
2010), and 3D' is missing the N-terminal 148 residues, therefore making it unlikely for 
3D' to be enzymatically active.  However, poliovirus utilizes multiple proteins in multiple 
roles as exhibited by the distinct functions of the polyproteins 2BC, 3AB, and 3CD.  We 
hypothesize that it is unlikely that 3C’ and 3D’, which exhibit high relative 
concentrations within the cell, are non-functional.  It is possible that 3D’ plays oligomeric 
roles with 3D or 3CD, as Interface I residues are not removed by this cleavage. 
3.3.5 Characterization of the RNA Replication Factory by EM 
Poliovirus replicates its RNA genome utilizing a membranous replication 
complex (Caliguiri & Tamm 1969).  Poliovirus RNA synthesis is thought to utilize the 
junctions between vesicle structures (Belov et al. 2011), but closely-related viruses are 
believed to utilize the lumenal space within double membrane vesicles (Knoops et al. 
2008).  Our investigation into membrane topology of the replication factory revealed a 
heterogeneous sample with conserved motifs. 
Our negatively-stained data demonstrate membrane morphologies consistent with 
previous reports of single and double-membrane vesicles.  Immunoelectron microscopy 
using antibodies to dual stranded RNA exhibits the presence of dual-strand RNA, which 
is generated in negative strand synthesis (RF) and during positive strand synthesis (RI).  
These data indicate that the RNA replication process is occurring in the infected cells, 
and suggest that labeling appears near multiple vesicle morphologies. 
Investigating the structure of cryo-preserved poliovirus replication factories in 
this work (Figures 3.18, 3.19) shows that morphologies observed in our samples are 
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similar to previously reported structures.  The similarities include reported vesicle 
morphologies from sections prepared by high-pressure freezing/freeze substitution as 
well as conventional fixation methods, and in isolated vesicles from density fractionation.  
Our data show that membranes from infected cells frequently maintain high-energy 
membrane conformations including double membrane vesicles.  We found vesicles with 
lumenal spaces and intricate gate structures, including pore-like conformations.  These 
vesicles were DMVs with a horseshoe-like conformation housing a lumenal space.  Also 
within the 30% subcellular fraction there are groups of single membrane vesicles that 
contain RNA-sized polymers within a tightly protected lumenal space.  The membrane 
structure of these vesicles is irregular; however RNA-sized polymers are apparent within 
a space bounded by a single membrane.  These vesicles have portal or gate-like 
conformations, but their densities are obscured in amorphous aggregates, making these 
structures difficult to interpret.  However, it is likely that this obscuring density protected 
the lumenal polymers from degradation by RNases during isolation, while the more open 
conformations did not. 
The role of single or double membranes within these vesicles is unclear.  We 
hypothesize that the membrane conformation of the replication factory is not dependent 
on single or double membrane vesicles; rather it is dependent on negative curvature and 
lumenal protection.  Horseshoe membranes appear as a repeated morphology that 
emphasizes negative curvature.  We present data showing this morphology in various 
sizes, from approximately 200 nm in diameter to the micron-long horseshoe shown in 
Figure 3.19. 
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Rosettes, shown below in Figure 3.22, were initially characterized as the 
replication complex component of the 30% sucrose subcellular fraction.  This is probably 
due to their large, recognizable, and characteristic appearance when viewed by EM.  This 
previous work showed that single-stranded RNA labeled within the convoluted central 
region of the Rosettes, as well as proteins 2B and 2C (Bienz et al. 1992; Egger et al. 
1996).  Dissociation of Rosettes under low salt conditions caused the vesicle clusters to 
separate into individual vesicles, however RNA synthesis activity was still maintained 
under dissociated conditions (Egger et al. 1996).  This demonstrates that the clustered 
structure is not necessary for RNA synthesis.  With our additional data, we interpret 
previous and current data from Rosettes differently.  As shown in the cartoon of Figure 
3.22, Rosettes are composed of multiple horseshoe-shaped vesicles.  We propose that the 
lumenal space created by these lipid-containing structures is the site of RNA synthesis 
within Rosettes, rather than the compact central density.  However, the central density 
labels for ssRNA because it is near the site of exit from the horseshoe (shown in Figure 
3.23). 
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Figure 3.22:  Negatively-Stained Images of Rosettes Along With Corresponding 
Cartoons Emphasizing Morphology.  Images of Rosettes (left) and corresponding 
cartoons emphasizing horseshoe-like morphology of the components (right). Panel A 
modified from (Bienz et al. 1990); lower panel, this dissertation. 
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Figure 3.23:  Rosette Structure Labeled for 2C and RNA.  Sample is labeled with 
anti-2C antibodies (small gold grains) and RNase, which labels ssRNA (large gold grain). 
Scale bar represents 100 nm.  Modified from (Bienz et al. 1992). 
3.3.6 Role of Lipids in the RNA Replication Factory 
 These results show that lipids within the replication factories are arranged in 
dramatic morphologies.  Considering that the lowest energy state for a vesicle composed 
of phospholipids is spherical, lipid morphologies like the high curvature within horseshoe 
lobes are indicative of a high energy membrane conformation.  These structures are likely 
stabilized either by viral and/or host cell proteins, or unique lipid composition, or both.  
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These conformations may reflect the growing picture of the lipids involved in poliovirus 
replication.  For example, PI4P and cholesterol are two components enriched on virally-
induced vesicles (Hsu et al. 2010; Ilnytska et al. 2013), and their effects on membrane 
fluidity may be relevant to resultant lipid conformations in infected cells.  We believe 
that these vesicles utilize lipid micro-domains for both the alteration of curvature and the 
localization of proteins. 
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4. K314A 
4.1 Introduction 
 Poliovirus polymerase is an RNA-dependent RNA polymerase (RdRp) that plays 
a central role in RNA replication.  The enzyme is believed to function as an oligomer in 
infected cells.  The role of oligomeric interactions in replication has been explored 
biochemically (Franco et al., 2005; Hobson et al., 2001; Pata, Schultz, & Kirkegaard, 
1995; Xiang, Cuconati, Hope, Kirkegaard, & Wimmer, 1998).  Structurally, however, the 
details of oligomeric interactions remain vague. 
 Poliovirus polymerase was the first crystallized RdRp (Hansen et al. 1997), and 
serves as the prototypical member of this class.  Oligomeric interactions of RdRps have 
been reported among multiple polymerases, including poliovirus (Pata, Schultz, 
Kirkegaard, RNA 1995) and Foot and Mouth disease Virus (Bentham et al. 2012).  
Structural details of the physiological interface named ‘Interface I’ are understood from 
the partial crystal structure of the poliovirus RdRp solved using wild-type protein (pdb ID 
1rdr; (Hansen et al. 1997)).  This interface organized subunits along a 21 screw axis with 
a 44 Å translation between adjacent molecules. Two key intermolecular interactions are 
the extension of the side chain of leucine 446 into the hydrophobic pocket of the adjacent 
polymerase, and a salt bridge formed between arginine 456 and aspartate 339 and serine 
341 of the adjacent molecule (Hansen et al. 1997).  These residues were mutated in order 
to solve the full-length crystal structure of the protein, thereby purposefully breaking 
Interface I (pdb ID 1ra6; (Thompson & Peersen 2004)).  Mutation of these residues 
resulted in a drastic increase in reported solubility, from 3 mg/ml to 40 mg/ml 
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(Thompson & Peersen 2004), and crystallization resulted in an ordered crystal in which 
the density for the fingers region was resolved (Figure 4.1).  Due to the absence of 
Interface I contacts, the resulting polymerases within the crystal are not believed to be in 
their physiological conformation or position.  
 
Figure 4.1:  Location of Lysine 314 Within the Structure of 3Dpol.  Using the cupped 
right hand analogy for 3Dpol structure, the polymerase in this image (1ra6) is shown 
positioned palm up (gray), looking through the canyon created by the thumb (blue) and 
index finger (green).  The other finger subdomains are labeled: pinky (pink), ring 
(yellow), middle (orange).  The active site is shown in magenta.  The position of lysine 
314 is shown in ball and stick formation in red.  It extends off the back of the palm, away 
from the active site. 
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  Lysine 314 is a key residue for inter-polymerase interactions.  It is located on the 
back of the palm region of 3Dpol, as shown in Figure 4.1.  This location is near, but not 
involved in Interface I, as shown in Figure 4.2. Lysine 314 is a crystal contact within the 
crystal formed by the polymerase that was mutated to abrogate Interface I (Thompson & 
Peersen 2004). 
 
Figure 4.2:  Interface I and the Location of Lysine 314.  Polymerase subdomains are 
color coded as in Figure 4.1.  Lysine 314 is shown in red.  (A) shows four full-length 
polymerases (1ra6), connected by Interface I as defined by crystals of wild-type 
polymerase (1rdr).  This Interface is arranged as a twofold screw axis with a 44 Å 
translation.  (B) shows a slightly rotated region indicated by the box in (A).  The relative 
position of K314 (red) and the locations of Interface I contacts (L446 and R455 in cyan), 
are shown.  Interface I contacts involve the tip of the thumb with the back of the palm of 
the next polymerase.  Lysine 314 occupies a cleft created between the two polymerases 
arranged by Interface I, which is better shown in (A). 
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In this work, we attempted to elucidate the role of lysine 314 in oligomerization.  
Wild-type 3Dpol forms helices and planar lattices (Wang, Lyle, et al. 2013).  The 
mutation of lysine 314 to alanine results in three-dimensional nanocrystals with a 
characteristic size and morphology.  We investigated the crystals formed by K314A by 
electron cryotomography in an attempt to reveal the details of polymerase packing within 
the crystals.  
4.2 Results 
4.2.1 3Dpol Mutant K314A Expression and Purification 
 Poliovirus polymerase mutant K314A was expressed and purified based on an 
existing  protocol (Hansen et al. 1997) with minor modifications (described in Materials 
and Methods).  Products of the purification by chromatography resulted in a good 
separation of K314A from contaminant proteins (Figure 4.3). Following anion exchange 
chromatography (Q),  K314A was highly pure with a resulting concentration of 80 µM 
(approximately 5 mg/ml).  Surprisingly, this protein did not crystallize for EM analysis 
(data not shown).  Upon further investigation it was discovered that fractions eluted from 
the S column did crystallize while the purer post-Q fractions did not. 
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Figure 4.3:  Purification of K314A.  The purification process as tracked on a 12% SDS-
PAGE.  (Left Gel) Lane 1: Molecular weight markers.  Lane 2: 3Dpol standard.  Lane 3: 
Preparation post-dialysis after the ammonium sulfate precipitation.  Lanes 4-7: Flow-
through of the cation exchange chromatography.  Lanes 8-13:  Successive fractions 
eluted by a step salt gradient 100-400 mM.  Lane 14: 3Dpol standard.  (Right Gel)  Lane 
1: 3Dpol standard.  Lane 2: Molecular weight markers.  Lanes 3-8: Fractions eluted from 
the anion exchange column by a 250-300 mM NaCl step gradient.  Fractions S2-S4 were 
loaded on the anion exchange column. 
4.2.2 Morphology of the Crystals formed by K314A 
 Conditions for the oligomerization assay, as detailed in Materials and Methods, 
originated as an RNA elongation assay (Lyle et al. 2002).  In the oligomerization assay, 
the polymerase is diluted into a lower salt buffer and warmed to 30°C for 30 minutes. 
After cooling to 0°C, crystals can be seen nearly immediately upon sample preparation 
for electron microscopy.  Crystals appear on the first day after oligomerization, and 
highly ordered crystals can be seen 2-4 days post oligomerization assay, as shown in 
Figure 4.4. 
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 The resulting crystals, as shown in Figure 4.4, have a consistent morphology.  
They appear as linear crystals with one blunt terminus and the other terminus has a sharp, 
angular end.  The axis between these termini is the longest axis, and is most variable in 
length, measuring larger than ten microns long in some instances.  The other two axes, as 
shown in Figure 4.5A, tend to measure approximately 100-150 nm. 
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Figure.4.4:  Morphology of Crystals Formed by 3Dpol Mutant K314A.  Crystals are 
often observed with a blunt end (white arrows) and a sharper angular end (black arrows).  
The size of the crystals varies, especially on the longest axis, but they are typically 100-
150 nm in width.  Dark circles are 5 nm fiducial gold. 
  
97 
    
Figure 4.5:  Morphology of Smaller Nanocrystal Axes Revealed from Tomographic 
Reconstructions. Two orthogonal slices, 90 nm thick, from tomographic reconstructions 
are shown.  A) shows a pair of crystals positioned adjacent to one another.  These crystals 
appear rectangle-shaped when viewed down this axis.  B) shows the same crystal pair at 
lower magnification with a 90° rotation around the tomographic X axis.  The different 
crystal lattice appearances exhibit the difference in relative crystal position. 
4.2.3 Definition of Crystallographic Axes 
The morphology of this crystal, as shown by imaging and tomographic 
reconstructions, indicates three crystalline axes.  The three axes will be defined as 
follows: (1) b is the longest axis of the crystal, and the shortest real space repeat at 8.8 
nm, (2) a is the width of the crystal, with a spacing of 12 nm, (3) and c is the rarely 
directly observed height of the crystal (mostly seen in tomographic reconstructions), also 
with a spacing of 12 nm.  Corresponding axes for real space axes a, b, and c will be 
referred to as a*, b*, and c* respectively in reciprocal space, with reflections indexed by 
Miller indices (h, k, l) according to crystallographic conventions.  As shown in Figure 
4.6, diffraction patterns show a 90 degree angle between all three axes, making the angles 
between axes all right angles. 
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Figure 4.6:  Real Space and Fourier Space Data of Different Orthogonal Views.  
Regions of two separate, orthogonally oriented cryopreserved crystals are shown.  They 
are aligned along the b axis.  A) A crystal along the ab plane.  B) A crystal oriented 
orthogonal to the bc plane.  C) The diffraction pattern of the region shown in (A).  The 
diffraction pattern exhibits good mirror symmetry about both a* and b* axes.  The blue 
circle indicates the (1,0) reflection, which corresponds with a frequency of 12 nm.  The 
red circle indicates the (0,1) reflection, which corresponds with a frequency of 8.8 nm.  
D) shows the diffraction pattern of the region shown in B.  Poor diffraction is seen along 
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the c* axis, but reflections indicate mm symmetry where available.  The reflection in the 
red circle indicates the (0,1) reflection, corresponding with a frequency of 8.8 nm.  The 
reflection within the purple circle indicates the (1,0) reflection, corresponding with a 
frequency of 12 nm.  The limited diffraction along the c* axis may reflect low crystalline 
order along this axis. 
 The dimensions of the unit cell caused difficulty in classifying views.  Views 
along plane ab were the most common, especially in negatively-stained preparations 
where the crystals were adsorbed to a carbon substrate.  Not surprisingly, the shortest axis 
(ac plane as shown in Figure 4.7A) was not observed due to the physical dimensions of 
the linear crystal.  However, good views along the bc plane, the long axis orthogonal to 
the ab plane (shown in Figures 4.6B and 4.7C), were infrequent.  This is not easily 
explained by the crystal dimensions, as tomographic reconstructions show that the 
dimensions along a and c were similar (shown in Figure 4.7A). 
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Figure 4.7:  Real Space and Fourier Space Data from Under-Represented 
Orthogonal Views of Reconstructed Crystals.  Projections of the ac and bc crystal 
planes are shown from a single crystal within a tomographic reconstruction.  Slice 
thickness is 120 nm in A, and 60 nm in C.  (A) shows the shortest dimensions of the 
crystal (ac plane), and (B) shows the corresponding diffraction pattern.  The diffraction 
pattern exhibits mm symmetry, where data are available.  The blue circle corresponds 
with a frequency of 12 nm.  (C) shows an orthogonal view of the crystal, viewed along 
the bc plane, with the corresponding diffraction pattern shown in (D).  The diffraction 
pattern similarly exhibits mm symmetry where data are available.  The red circle 
corresponds with a frequency of 8.8 nm.  The bc plane view shown in (C) is generally 
mostly featureless compared to projections of the other planes, however one apparent 
feature is repeating vertical lines spaced 4.4 nm apart. 
Imaging and tomographic reconstructions indicate that each orthogonal view has a 
characteristic diffraction pattern.  As shown in Figure 4.6 and in Table 1, the intensities 
of reflections along the b axis resemble a two-fold screw axis.  Intensities on the b axis 
along the h=0 reflection plane are approximately twenty-fold higher for the even h values 
than the odd values.  The diminished intensities of the odd h value reflections are seen 
among data from all crystals that diffract past 4.4 nm.  The intensities and phases of 
reflections for two crystals are shown in Table 1. 
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Table 4.2:  Amplitudes and Relative Phases of Reflections.  Reflections are indexed as 
shown in Figure 4.6.  The phase origin was not refined, and therefore phase values are 
relative and only comparable within the same crystal.  Crystal #1 is a negatively stained 
crystal, while Crystal #2 is the cryo-preserved crystal shown in Figure 4.6A.  The 
intensities for the reflections for both crystals show that the (2,0) reflection is twenty-fold 
more intense than the (1,0) reflection.  This is a property common among screw axes.  
Phase data dispute the presence of a screw axis, however.  The relative phases for the  
(-1,1) and (1,1) reflections are approximately equal, as in crystal #2, or differ by 2π 
[which means that they are equal] as in crystal #1.  With a true-twofold screw axis, the 
phases for the (-1,1) and (1,1) reflections would differ by π. 
Crystal 
#1 h k Intensity 
Relative Phase 
(-π to π) 
  0 0 3.70E+08 0.0 
  1 0 2.30E+05 0.5 
  2 0 4.84E+06 0.5 
  1 1 2.42E+06 -0.9 
  1 -1 2.43E+06 1.0 
  2 1 6.92E+05 0.7 
  2 -1 7.22E+05 0.0 
  
    Crystal 
#2 0 0 6.40E+08 0.0 
  1 0 2.30E+05 0.4 
  2 0 4.52E+06 -0.9 
  1 1 1.46E+06 -0.7 
  1 -1 2.20E+06 -0.5 
  2 1 4.63E+05 0.7 
  2 -1 1.20E+06 0.8 
 Phase data for the reflections dispute the apparent screw axis.  In a crystal with a 
twofold screw axis on the h axis, the phase values of the (-1,1) and (1,1) reflections differ 
by a value of π.  As shown in Table 1, the phase values for (-1,1) and (1,1) in the crystal 
formed by K314A are equal.  This demonstrates that the screw axis suggested by the 
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intensities of the diffraction pattern is a pseudo-screw axis, and not a crystallographic 
screw axis.  The twofold axis is shown in Figure 4.8.  The presence of a twofold axis and 
the absence of other axes of symmetry axes, coupled with the exclusion of C centering 
based on mm symmetry, therefore indicates that the crystal is monoclinic P 1 2 1 (Hahn 
2006). 
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Figure 4.8:  Image Analysis Reveals Twofold Symmetry Axis Along the b Axis.  
Images from two separate crystals are shown. These images were previously shown along 
with their diffraction patterns in Figure 4.6.  (A) shows a region of a cryopreserved 
crystal along the ab plane.  Protein is black.  (B) shows a Fourier-filtered density map 
computed from the crystal shown in (A).  Heavy contoured regions represent protein.  (C) 
shows the Fourier-filtered density map after twofold symmetry is imposed along the b 
axis.  A box indicating the unit cell is drawn on the map.  (D) shows the crystal along the 
bc plane.  (E) shows the Fourier-filtered density map computed from the crystal shown in 
(D).  (F) shows the Fourier-filtered density map after twofold symmetry is imposed along 
the b axis.  Phase residuals for imposing P2 symmetry in density maps (C) and (F) are 
19.4˚ and 21.0˚ respectively.  Phase origin is not identical between (C) and (F). 
Phase data indicate that the phases change rapidly within the pixels that 
correspond with a single stretched diffraction spot, even within the best cryopreserved 
crystals.  An example of the phase change within a diffraction spot is shown in Figure 
4.7.  Stretched diffraction spots and rapid phase changes indicate that lattices must be 
unbent to retrieve useful phase information (Amos et al. 1982, p.206).  However, to date, 
there is no existing software or framework for the three-dimensional unbending of 
crystals.  As such, we chose to pursue real-space volume averaging rather than more 
classic crystallographic methods for revealing the arrangement of polymerases within the 
unit cell. 
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Figure 4.9:  Phase Change Within a Diffraction Spot.  Relative phase (left) and 
intensity (right) are shown for the pixels corresponding to the (1,1) diffraction spot of the 
crystal shown in Figure 4.4.  The black rectangle corresponds to the high intensity pixels 
within the diffraction spot.  Phase is scaled from – π to π (-3.14 to 3.14).  The pixel in the 
center of the rectangle (pixel 577,530) has a phase of -2.8 (-0.9 π) while the neighboring 
high intensity pixels have phases of -1.62 (-0.5 π) and 2.36 (0.8 π).  The values of -0.9 π 
and 0.8 π differ by nearly 2 π and are thus approximately equal. However those values 
differ significantly from -0.5 π, by almost a value of π/2. 
4.2.4 Volume Averaging 
 Tilt series of K314A crystals were taken, and the computed tomographic data 
were assessed for quality visually using real and Fourier space data.  Four tomograms 
that included five crystals of K314A were chosen for averaging based on data quality, as 
well as the distribution of angles of the crystals relative to the direction of illumination.  
Coordinates for volumes were drawn linearly within the central ac plane(s) of the crystal.  
The spacing along the b axis of the crystal was based on twice the unit cell, 17.6 
nanometers.  Volumes were initially aligned using relative orientations determined 
through manual crystal alignment, and then allowed to search translationally and 
rotationally.  The resulting volumes were assessed for quality using real space and 
Fourier space data.  The resolution of this volume, as measured by diffraction, is 
anisotropic: 2.2 nm in the ab axis plane and 3.4 nm along the c axis.  However, the 
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Fourier shell correlation of 0.5 is measured at 4.0 nm.  This volume is shown in Figure 
4.8.  This volume is the average of 20 subvolumes within four crystals.  These 
subvolumes had the highest cross-correlation coefficient scores from a total of 80 
subvolumes.  Unfortunately, attempts to fit the crystal structure of 3Dpol within the 
averaged crystal density are unconvincing.  Calculation of the Matthews Coefficient 
indicates that the number of molecules per asymmetric unit is four to six, with a Vm of 
3.05 and 2.03 Å3/Da respectively. 
 
Figure 4.10:  Density of Average of K314A Crystals.  Full thickness through an 
averaged cubic 25 nanometer volume is shown.  The view of the crystal shown is 
specified by the axis in the lower left corner of each image.  Protein is black.  
4.3 Discussion 
 It was surprising that highly-purified polymerase did not form nanocrystals.  In 
typical preparations of K314A, there are slight contaminant bands that appear at 
approximately 40 kDa by gel electrophoresis.  This preparation differs however, as it was 
purified specifically for the purpose of producing crystals on the scale needed for X-ray 
crystallography, so great efforts were undertaken to reach maximal purity.  The resulting 
protein did not nanocrystallize (or form x-ray sized crystals), however the less pure 
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fractions eluted from the first column did nanocrystallize.  This suggests that a small 
molecule contaminant aids crystallization. 
Dr. Jing Wang reported the structure of helical tubes formed by wild-type 3Dpol 
at 16Å resolution (Wang, Lyle, et al. 2013).  We hypothesized that the crystals formed by 
K314A presented an opportunity to study Interfaces I and II, as well as a novel third 
interface formed by the absence of lysine 314.  We characterized these crystals using 
imaging and tomography, and show that the crystallographic symmetry within this crystal 
is not the apparent twofold screw axis consistent with Interface I, rather it is a twofold 
axis.   
The physical properties of this crystal presented a difficult target for study by EM.  
The only symmetry within the crystal is two-fold, which is of limited use in projection 
images.  Many attempts were made to test whether the pseudo-twofold screw axis was a 
true screw axis.  The phases, which were distorted along the elongated diffraction spots, 
supported a screw axis if one pixel was chosen over another but never if the highest 
intensity pixels of the reflection were chosen.  Attempts were made to fit a polymerase 
dimer associated by Interface I interactions, thought to possibly explain the pseudo-screw 
axis seen in diffraction, but densities within the average map do not currently support it.  
Similarly, ab initio docking of the polymerase structure within the averaged volumes is 
unconvincing and severely hampered by poor resolution along the c axis. 
 A second major hurdle is the difficulty obtaining and classifying side views (ac 
and bc plane views).  The presence of two axes each having repeat distances measuring 
12 nm confounded unambiguous distinction between the side views, leading to 
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elimination of otherwise useable crystals.  However, the current model built from crystals 
in which views were discernible explains this ambiguity.  There is clearly long-range 
disorder between layers that form the height of the crystals.  Without well-ordered 
periodicity, there is no clear repeating pattern visible when the crystal is oriented on its 
side, and therefore side views are difficult to recognize. 
 Lastly, the low symmetry of the crystals results in the requirement for much larger 
datasets to attain the same resolution as a crystal with higher symmetry.  Taken together, 
these crystal properties make it extremely difficult to elucidate molecular details, and it 
was therefore decided that further study is not warranted. 
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5. Final Discussion 
5.1 Development of the Poliovirus RNA Replication Factory 
 The data presented in this thesis, coupled with over 50 years of previous results, 
lead us to propose the following scenario for development of the replication factory 
within poliovirus infected cells.  This model is shown in Figure 5.1.  The genomic, 
positive-sense RNA of poliovirus is translated by ribosomes at the rough ER.  The 
products P1, P2, P3 and their separated components, interact with nearby vesicular 
surfaces, including the smooth ER.  The first vesicles appear at 2 HPI, and clusters of 
vesicles are associated with the ER at 2.75 HPI (Egger & Bienz 2005).  Viral membrane 
proteins 2BC, 2C, 3A, and 3AB cause deformations of the smooth ER, which creates 
vesicles of varying morphology.  The morphology of these vesicles varies based on 
recruitment of viral membrane proteins.   Some of the viral membrane proteins, like 3A, 
recruit host cell enzymes that catalyze specific phospholipid synthesis, forming 
microdomains (Hsu et al. 2010).  The specific lipid or protein composition of vesicle 
species is unknown, however our model involves the formation of two types of lipid 
vesicles: horseshoes and single membrane vesicles.   
Single membrane vesicles can be converted into DMVs by 3AB (Wang, Ptacek, et 
al. 2013), or can develop further as replicative SMVs.  An unknown mechanism of pore 
formation occurs in the SMV.  This forms a lumenal area with negative curvature within 
the SMV.  Horseshoe membranes provide a similar area of negative curvature, with a 
larger opening to the cytoplasm.  The pore, for SMVs, or the lobe, for horseshoe 
membranes, recruits 3Dpol along with positive sense RNA.  Negative sense RNA 
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synthesis occurs, and the product is sent to the lumenal space of the vesicle.  It is likely 
that protein 2C (or 2BC) binds the 3’-terminal sequence of negative sense RNA 
(Banerjee et al. 1997), localizing it to the membrane surface.  The tethered template 
strand promotes efficient template utilization within this protected lumenal space. 
We propose that the vesicle size develops with the negative strand synthesis 
activity.   Formation of the replication factory is coupled with negative strand synthesis 
(Teterina et al. 2001; Egger et al. 2000).  Host cell phospholipid synthesis is upregulated 
within the host cell (Mosser et al. 1972), which we propose allows this vesicle to grow 
along with the product, producing a template RNA that is arranged within the lumenal 
area of a single membrane vesicle.  As shown within our results, the lumenal area is open 
to the cytoplasm through a pore or gated conformation that allows metabolites in and 
RNA products to diffuse out.  The vesicles formed may be alone or within larger clusters.  
However, larger gate conformations seen within developed horseshoes may require 
occlusion through interactions with another vesicle. 
This model differs from existing models in the details of arrangement of RNA and 
vesicles.  Existing models of vesicle formation involve a negative-sense template RNA 
bound between multiple vesicles (Egger et al. 2000).  Our data from cryo-preservation 
show large intra-vesicular cavities containing polymers consistent with RNA.  This fits 
well with biochemical evidence demonstrating that dissociated vesicle clusters maintain 
RNA synthesis activity (Egger et al. 1996), as well as structural evidence showing that 
the closely related Hepatitis C virus replicates RNA within vesicular structures (Knoops 
et al. 2008; Ferraris et al. 2010; Ferraris et al. 2013). 
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Figure 5.1:  Model for Development of RNA Replication Complexes.  See text for 
explanation.  Grey area indicates a protected lumenal space that is open to the cytoplasm.  
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The locations and prevalence of membrane proteins 2BC, 2C, 3A, and 3AB is unknown, 
and speculative.  This model is not meant to depict the replication steps or to include all 
proteins involved in the RNA replication complex; for simplicity only 3Dpol is depicted. 
5.2 Role of Lysine 314 in 3Dpol Oligomerization 
The second set of results presented in this thesis lead us to propose that mutation of 
lysine 314 in poliovirus polymerase removes a positive charge that is essential for 
repulsion of polymerases. The presence of lysine prevents the formation of three-
dimensional macromolecular assemblies, which are able to form in the K314A mutant 
3Dpol that no longer has this electrostatic repulsion.  This is an example of the intricacy 
of intermolecular interactions in 3Dpol, as this lysine must be conserved to prevent 
unwanted assembly of three-dimensional crystals.   
The twofold crystallographic symmetry excludes the possibility of the previously 
reported Interface I, a twofold screw axis, from forming a crystallographic symmetry 
operator within the crystal.  It does not exclude the possibility of Interface I-like 
interactions within the crystal in non-crystallographic symmetry.  Preliminary results, 
however, indicate that dimers associated by Interface I do not fit within the averaged 
densities.  These data, albeit preliminary, indicate that mutation of lysine 314 to alanine 
abrogates the Interface I interaction essential for 3Dpol and 3CD functions.  This 
mutation eliminates interfaces needed for the two-dimensional approximately planar 
arrays within WT 3Dpol that are expected to be physiologically relevant. 
 
  
113 
6. References 
Aldabe, R. & Carrasco, L., 1995. Induction of membrane proliferation by poliovirus proteins 2C and 2BC. Biochemical and biophysical research communications, 206(1), pp.64–76. Amos, L.A., Henderson, R. & Unwin, P.N., 1982. Three-dimensional structure determination by electron microscopy of two-dimensional crystals. Progress in 
biophysics and molecular biology, 39(3), pp.183–231. Balanian, R., 1975. Structural and functional alterations in cultured cells infected with cytocidal viruses. Progress in medical virology. Fortschritte der 
medizinischen Virusforschung. Progrès en virologie médicale, 19, pp.40–83. Baltimore, D., Girard, M. & Darnell, J.E., 1966. Aspects of the synthesis of poliovirus RNA and the formation of virus particles. Virology, 29(2), pp.179–189. Banerjee, R., Echeverri, A. & Dasgupta, A., 1997. Poliovirus-encoded 2C polypeptide specifically binds to the 3’-terminal sequences of viral negative-strand RNA. 
Journal of virology, 71(12), pp.9570–8. Barton, D.J., Morasco, B.J. & Flanegan, J.B., 1999. Translating ribosomes inhibit poliovirus negative-strand RNA synthesis. Journal of virology, 73(12), p.10104. Beckman, M.T. & Kirkegaard, K., 1998. Site size of cooperative single-stranded RNA binding by poliovirus RNA-dependent RNA polymerase. The Journal of 
biological chemistry, 273(12), pp.6724–30. Belov, G. et al., 2011. Complex Dynamic Development of Poliovirus Membranous Replication Complexes. Journal of virology, (November), pp.302–312. Bentham, M. et al., 2012. Formation of higher-order foot-and-mouth disease virus 3D(pol) complexes is dependent on elongation activity. Journal of virology, 86(4), pp.2371–4. Bienz, K. et al., 1992. Structural and functional characterization of the poliovirus replication complex. Journal of virology, 66(5), pp.2740–7. Bienz, K. et al., 1990. Structural organization of poliovirus RNA replication is mediated by viral proteins of the P2 genomic region. Journal of virology, 64(3), pp.1156–63. 
  
114 
Bienz, K., Egger, D. & Pasamontes, L., 1987. Association of polioviral proteins of the P2 genomic region with the viral replication complex and virus-induced membrane synthesis as visualized by electron microscopic immunocytochemistry and autoradiography. Virology, 160(1), pp.220–6. Brandenburg, B. et al., 2007. Imaging poliovirus entry in live cells. PLoS biology, 5(7), p.e183. Caliguiri, L.A. & Tamm, I., 1970a. Characterization of poliovirus-specific structures associated with cytoplasmic membranes. Virology, 42(1), pp.112–22. Caliguiri, L.A. & Tamm, I., 1969. Membranous structures associated with translation and transcription of poliovirus RNA. Science, 166(3907), pp.885–886. Caliguiri, L.A. & Tamm, I., 1970b. The role of cytoplasmic membranes in poliovirus biosynthesis. Virology, 42(1), pp.100–11. Cameron, C.E., Suk Oh, H. & Moustafa, I.M., 2010. Expanding knowledge of P3 proteins in the poliovirus lifecycle. Future microbiology, 5(6), pp.867–81. Cho, M.W. et al., 1994. Membrane rearrangement and vesicle induction by recombinant poliovirus 2C and 2BC in human cells. Virology, 202(1), pp.129–45. Cho, M.W. et al., 1993. RNA duplex unwinding activity of poliovirus RNA-dependent RNA polymerase 3Dpol. Journal of virology, 67(6), pp.3010–8. Clark, M.E. et al., 1993. Direct cleavage of human TATA-binding protein by poliovirus protease 3C in vivo and in vitro. Molecular and cellular biology, 13(2), pp.1232–7. Cook, P.R., 1999. The organization of replication and transcription. Science (New 
York, N.Y.), 284(5421), pp.1790–5. Dales, S. et al., 1965. ELECTRON MICROSCOPIC STUDY OF THE FORMATION OF POLIOVIRUS. Virology, 26(3), pp.379–89. Darnell, J.E. et al., 1967. The Synthesis and Translation of Poliovirus RNA. In J. Colter & W. Paranchych, eds. The Molecular Biology of Viruses. New York, pp. 375–401. De Duve, C., 1971. Tissue fractionation. Past and present. The Journal of cell biology, 50(1), p.20d–55d. 
  
115 
De Jesus, N.H., 2007. Epidemics to eradication: the modern history of poliomyelitis. 
Virology journal, 4, p.70. Egger, D. et al., 2000. Formation of the poliovirus replication complex requires coupled viral translation, vesicle production, and viral RNA synthesis. Journal of 
virology, 74(14), pp.6570–80. Egger, D. et al., 1996. Reversible dissociation of the poliovirus replication complex: functions and interactions of its components in viral RNA synthesis. Journal of 
virology, 70(12), pp.8675–83. Egger, D. & Bienz, K., 2005. Intracellular location and translocation of silent and active poliovirus replication complexes. The Journal of general virology, 86(Pt 3), pp.707–18. Eggers, H.J., 1999. Milestones in early poliomyelitis research (1840 to 1949). Journal 
of virology, 73(6), pp.4533–5. Ehrenfeld, E., Domingo, E. & Roos, R., 2010. The Picornaviruses E. Ehrenfeld, E. Domingo, & R. Roos, eds., Washington, DC. Ferraris, P. et al., 2013. Sequential biogenesis of host cell membrane rearrangements induced by hepatitis C virus infection. Cellular and molecular life sciences  : 
CMLS, 70(7), pp.1297–306. Ferraris, P., Blanchard, E. & Roingeard, P., 2010. Ultrastructural and biochemical analyses of hepatitis C virus-associated host cell membranes. The Journal of 
general virology, 91(Pt 9), pp.2230–7. Franco, D. et al., 2005. Stimulation of poliovirus RNA synthesis and virus maturation in a HeLa cell-free in vitro translation-RNA replication system by viral protein 3CDpro. Virology journal, 2, p.86. Gamarnik, a. V. & Andino, R., 1998. Switch from translation to RNA replication in a positive-stranded RNA virus. Genes & development, 12(15), pp.2293–304. Gohara, D.W. et al., 2000. Poliovirus RNA-dependent RNA polymerase (3Dpol): structural, biochemical, and biological analysis of conserved structural motifs A and B. The Journal of biological chemistry, 275(33), pp.25523–32. Gong, P. & Peersen, O.B., 2010. Structural basis for active site closure by the poliovirus RNA-dependent RNA polymerase. Proceedings of the National 
Academy of Sciences of the United States of America, 107(52), pp.22505–10. 
  
116 
Grazi, E., 1997. What is the diameter of the actin filament? FEBS Letters, 405(3), pp.249–252. Guinea, R. & Carrasco, L., 1991. Effects of fatty acids on lipid synthesis and viral RNA replication in poliovirus-infected cells. Virology, 185(1), pp.473–6. Guinea, R. & Carrasco, L., 1990. Phospholipid biosynthesis and poliovirus genome replication, two coupled phenomena. The EMBO journal, 9(6), pp.2011–6. Hahn, T. ed., 2006. International Tables for Crystallography, Heidelberg, Germany: International Union of Crystallography. Hanecak, R. et al., 1982. Proteolytic processing of poliovirus polypeptides: antibodies to polypeptide P3-7c inhibit cleavage at glutamine-glycine pairs. 
Proceedings of the National Academy of Sciences of the United States of America, 79(13), pp.3973–7. Hansen, J.L., Long, a M. & Schultz, S.C., 1997. Structure of the RNA-dependent RNA polymerase of poliovirus. Structure (London, England : 1993), 5(8), pp.1109–22. Harris, K.S. et al., 1992. Purification and characterization of poliovirus polypeptide 3CD, a proteinase and a precursor for RNA polymerase. Journal of virology, 66(12), pp.7481–9. Herold, J. & Andino, R., 2001. Poliovirus RNA replication requires genome circularization through a protein-protein bridge. Molecular cell, 7(3), pp.581–91. Hewlett, M.J. et al., 1977. Separation and quantitation of intracellular forms of poliovirus RNA by agarose gel electrophoresis. Biochemistry, 16(12), pp.2763–7. Hobdey, S.E. et al., 2010. Poliovirus polymerase residue 5 plays a critical role in elongation complex stability. Journal of virology, 84(16), pp.8072–84. Hobson, S.D. et al., 2001. Oligomeric structures of poliovirus polymerase are important for function. The EMBO journal, 20(5), pp.1153–63. Hope, D. a, Diamond, S.E. & Kirkegaard, K., 1997. Genetic dissection of interaction between poliovirus 3D polymerase and viral protein 3AB. Journal of virology, 71(12), pp.9490–8. 
  
117 
Hsu, N.-Y. et al., 2010. Viral reorganization of the secretory pathway generates distinct organelles for RNA replication. Cell, 141(5), pp.799–811. Ilnytska, O. et al., 2013. Enteroviruses harness the cellular endocytic machinery to remodel the host cell cholesterol landscape for effective viral replication. Cell 
host & microbe, 14(3), pp.281–93. Jackson, W.T. et al., 2005. Subversion of cellular autophagosomal machinery by RNA viruses. PLoS biology, 3(5), p.e156. Johannes, G. et al., 1999. Identification of eukaryotic mRNAs that are translated at reduced cap binding complex eIF4F concentrations using a cDNA microarray. 
Proceedings of the National Academy of Sciences of the United States of America, 96(23), pp.13118–23. Kääriäinen, L. & Ranki, M., 1984. Inhibition of cell functions by RNA-virus infections. 
Annual review of microbiology, 38, pp.91–109. Kallman, F. et al., 1958. Fine structure of changes produced in cultured cells sampled at specified intervals during a single growth cycle of polio virus. The Journal of 
biophysical and biochemical cytology, 4(3), pp.301–8. Kiyono, K. et al., 2009. Autophagy is activated by TGF-beta and potentiates TGF-beta-mediated growth inhibition in human hepatocellular carcinoma cells. 
Cancer research, 69(23), pp.8844–52. Knoops, K. et al., 2008. SARS-coronavirus replication is supported by a reticulovesicular network of modified endoplasmic reticulum. PLoS biology, 6(9), p.e226. Koch, F. & Koch, G., 1985. The Molecular Biology of Poliovirus 1985 editi., Vienna: Springer-Vedag. Kortus, M.G. et al., 2012. A Template RNA Entry Channel in the Fingers Domain of the Poliovirus Polymerase. Journal of molecular biology, 417(4), pp.263–278. Kräusslich, H.G. et al., 1987. Poliovirus proteinase 2A induces cleavage of eucaryotic initiation factor 4F polypeptide p220. Journal of virology, 61(9), pp.2711–8. Kremer, J.R., Mastronarde, D.N. & McIntosh, J.R., 1995. Computer visualization of three-dimensional image data using IMOD. Journal of structural biology, 116(1), pp.71–6. 
  
118 
Kuyumcu-Martinez, N.M. et al., 2004. Cleavage of Poly(A)-Binding Protein by Poliovirus 3C Protease Inhibits Host Cell Translation: a Novel Mechanism for Host Translation Shutoff. Molecular and Cellular Biology, 24(4), pp.1779–1790. Landsteiner, K. & Popper, E., 1909. Uebertragung der Poliomyelitis acuta auf Affen. Z 
Imimtmtätsforsch. Lanman, J. et al., 2008. Visualizing flock house virus infection in Drosophila cells with correlated fluorescence and electron microscopy. Journal of structural 
biology, 161(3), pp.439–46. Lee, C.K. & Wimmer, E., 1988. Proteolytic processing of poliovirus polyprotein: elimination of 2Apro-mediated, alternative cleavage of polypeptide 3CD by in vitro mutagenesis. Virology, 166(2), pp.405–14. Lee, Y.F. et al., 1977. A protein covalently linked to poliovirus genome RNA. 
Proceedings of the National Academy of Sciences of the United States of America, 74(1), pp.59–63. Lundquist, R.E., Ehrenfeld, E. & Maizel, J. V, 1974. Isolation of a viral polypeptide associated with poliovirus RNA polymerase. Proceedings of the National 
Academy of Sciences of the United States of America, 71(12), pp.4773–7. Lyle, J.M. et al., 2002. Visualization and functional analysis of RNA-dependent RNA polymerase lattices. Science (New York, N.Y.), 296(5576), pp.2218–22. Mackenzie, J., 2005. Wrapping things up about virus RNA replication. Traffic 
(Copenhagen, Denmark), 6(11), pp.967–77. Marcotte, L.L. et al., 2007. Crystal structure of poliovirus 3CD protein: virally encoded protease and precursor to the RNA-dependent RNA polymerase. 
Journal of virology, 81(7), pp.3583–96. Mastronarde, D.N., 2005. Automated electron microscope tomography using robust prediction of specimen movements. Journal of structural biology, 152(1), pp.36–51. Mendelsohn, C.L., Wimmer, E. & Racaniello, V.R., 1989. Cellular receptor for poliovirus: molecular cloning, nucleotide sequence, and expression of a new member of the immunoglobulin superfamily. Cell, 56(5), pp.855–65. Mizushima, N. & Yoshimori, T., 2007. How to interpret LC3 immunoblotting. 
Autophagy, 3(6), pp.542–5. 
  
119 
Molla, A., Paul, A. V & Wimmer, E., 1993. Effects of temperature and lipophilic agents on poliovirus formation and RNA synthesis in a cell-free system. Journal of 
virology, 67(10), pp.5932–8. Mosser, A.G., Caliguiri, L.A. & Tamm, I., 1972. Incorporation of lipid precursors into cytoplasmic membranes of poliovirus-infected HeLa cells. Virology, 47(1), pp.39–47. Neufeld, K.L. et al., 1994. Identification of terminal adenylyl transferase activity of the poliovirus polymerase 3Dpol. Journal of virology, 68(9), pp.5811–8. Nicastro, D. et al., 2006. The molecular architecture of axonemes revealed by cryoelectron tomography. Science (New York, N.Y.), 313(5789), pp.944–8. Nicklin, M.J. et al., 1988. Poliovirus proteinase 3C: large-scale expression, purification, and specific cleavage activity on natural and synthetic substrates in vitro. Journal of virology, 62(12), pp.4586–93. Novak, J.E. & Kirkegaard, K., 1991. Improved method for detecting poliovirus negative strands used to demonstrate specificity of positive-strand encapsidation and the ratio of positive to negative strands in infected cells. 
Journal of virology, 65(6), pp.3384–7. Parsley, T.B., Cornell, C.T. & Semler, B.L., 1999. Modulation of the RNA binding and protein processing activities of poliovirus polypeptide 3CD by the viral RNA polymerase domain. The Journal of biological chemistry, 274(18), pp.12867–76. Pata, J.D., Schultz, S.C. & Kirkegaard, K., 1995. Functional oligomerization of poliovirus RNA-dependent RNA polymerase. RNA (New York, N.Y.), 1(5), pp.466–77. Paul, A. V et al., 1998. Protein-primed RNA synthesis by purified poliovirus RNA polymerase. Nature, 393(6682), pp.280–4. Paul, D. & Bartenschlager, R., 2013. Architecture and biogenesis of plus-strand RNA virus replication factories. World journal of virology, 2(2), pp.32–48. Perera, R. et al., 2007. Cellular protein modification by poliovirus: the two faces of poly(rC)-binding protein. Journal of virology, 81(17), pp.8919–32. Pfister, T. et al., 1992. Immunocytochemical localization of capsid-related particles in subcellular fractions of poliovirus-infected cells. Virology, 188(2), pp.676–84. 
  
120 
Richards, A.L. et al., 2014. Generation of unique poliovirus RNA replication organelles. mBio, 5(2). Richards, A.L. & Jackson, W.T., 2012. Intracellular vesicle acidification promotes maturation of infectious poliovirus particles. PLoS pathogens, 8(11), p.e1003046. Richards, O.C. et al., 1984. Structure of poliovirus replicative intermediate RNA. Electron microscope analysis of RNA cross-linked in vivo with psoralen derivative. Journal of molecular biology, 173(3), pp.325–40. Salonen, a, Ahola, T. & Kääriäinen, L., 2005. Viral RNA replication in association with cellular membranes. Current topics in microbiology and immunology, 285, pp.139–73. Sarnow, P., 1989. Role of 3’-end sequences in infectivity of poliovirus transcripts made in vitro. Journal of virology, 63(1), pp.467–70. Schlegel, A. et al., 1996. Cellular origin and ultrastructure of membranes induced during poliovirus infection. Journal of virology, 70(10), pp.6576–88. Semler, B.L. & Wimmer, E., 2002. Molecular biology of picornaviruses B. L. Semler & E. Wimmer, eds., Washington, DC: ASM Press. Sholders, A.J. & Peersen, O.B., 2014. Distinct conformations of a putative translocation element in poliovirus polymerase. Journal of molecular biology, 426(7), pp.1407–19. Spagnolo, J.F. et al., 2010. Enzymatic and nonenzymatic functions of viral RNA-dependent RNA polymerases within oligomeric arrays. RNA (New York, N.Y.), 16(2), pp.382–93. Steil, B.P. & Barton, D.J., 2009. Cis-active RNA elements (CREs) and picornavirus RNA replication. Virus research, 139(2), pp.240–52. Suhy, D.A., Giddings, T.H. & Kirkegaard, K., 2000. Remodeling the endoplasmic reticulum by poliovirus infection and by individual viral proteins: an autophagy-like origin for virus-induced vesicles. Journal of virology, 74(19), pp.8953–65. Takeda, N. et al., 1986. Initiation of poliovirus plus-strand RNA synthesis in a membrane complex of infected HeLa cells. Journal of virology, 60(1), pp.43–53. 
  
121 
Tanida, I., Ueno, T. & Kominami, E., 2008. LC3 and Autophagy. Methods in molecular 
biology (Clifton, N.J.), 445(2), pp.77–88. Taylor, M.P. et al., 2009. Role of microtubules in extracellular release of poliovirus. 
Journal of virology, 83(13), pp.6599–609. Taylor, M.P. & Kirkegaard, K., 2007. Modification of cellular autophagy protein LC3 by poliovirus. Journal of virology, 81(22), pp.12543–53. Taylor, M.P. & Kirkegaard, K., 2008. Potential subversion of autophagosomal pathway by picornaviruses. Autophagy, 4(3), pp.286–9. Tellez, A.B. et al., 2011. Interstitial Contacts in an RNA-Dependent RNA Polymerase Lattice. Journal of molecular biology, 412(4), pp.737–750. Tershak, D.R., 1984. Association of poliovirus proteins with the endoplasmic reticulum. Journal of virology, 52(3), pp.777–83. Teterina, N.L. et al., 1997. Poliovirus 2C protein determinants of membrane binding and rearrangements in mammalian cells. Journal of virology, 71(12), pp.8962–72. Teterina, N.L. et al., 2001. Requirements for assembly of poliovirus replication complexes and negative-strand RNA synthesis. Journal of virology, 75(8), pp.3841–50. Thompson, A. a & Peersen, O.B., 2004. Structural basis for proteolysis-dependent activation of the poliovirus RNA-dependent RNA polymerase. The EMBO 
journal, 23(17), pp.3462–71. Toyoda, H. et al., 1986. A second virus-encoded proteinase involved in proteolytic processing of poliovirus polyprotein. Cell, 45(5), pp.761–70. Toyoda, H. et al., 1987. Analysis of RNA synthesis of type 1 poliovirus by using an in vitro molecular genetic approach. Journal of virology, 61(9), pp.2816–22. Wang, J., Ptacek, J.B., et al., 2013. Double-membraned Liposomes Sculpted by Poliovirus 3AB Protein. The Journal of biological chemistry, 288(38), pp.27287–98. Wang, J., Lyle, J.M. & Bullitt, E., 2013. Surface for catalysis by poliovirus RNA-dependent RNA polymerase. Journal of molecular biology, 425(14), pp.2529–40. 
  
122 
Xiang, W. et al., 1998. Complete protein linkage map of poliovirus P3 proteins: interaction of polymerase 3Dpol with VPg and with genetic variants of 3AB. 
Journal of virology, 72(8), pp.6732–41. Yalamanchili, P., Datta, U. & Dasgupta, a, 1997. Inhibition of host cell transcription by poliovirus: cleavage of transcription factor CREB by poliovirus-encoded protease 3Cpro. Journal of virology, 71(2), pp.1220–6.  
  
123 
CURRICULUM VITAE 
 
EVAN DANIEL ROSSIGNOL Born: 1985, Delaware Email address: erossignol@gmail.com Present address: 1315 Commonwealth Avenue, Apt 401, Allston MA 02134  
Educational Background: Graduate:  Boston University School of Medicine (2007-2014) Ph.D. in Biophysics, expected in January 2015. Thesis: Topology of Poliovirus RNA Replication Machinery Mentor: Dr. Esther Bullitt  Undergraduate:  Lehigh University (2003-2007) B.S. in Biochemistry  
Research Positions 2006-2007 Undergraduate Research Assistant – Dr. Robert Flowers’ Laboratory (Lehigh University, Department of Chemistry) 2007-2014 Graduate Student – Dr. Esther Bullitt’s Laboratory (Boston University School of Medicine, Department of Physiology & Biophysics)  
Publications Spagnolo J, Rossignol E, Bullitt E, Kirkegaard K. (2010) Enzymatic and nonenzymatic functions of viral RNA-dependent RNA polymerases within oligomeric arrays.  RNA.  16(2):382-93 
 
